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Landslides behave in a complex manner especially in terms of the relationship between 
groundwater variation and the mechanisms of movement; a relationship that remains poorly 
understood. The aim of this research is to improve the understanding of landslide 
movement patterns for coastal cliffs. The objectives are (1) to understand controls on 
landslide initiation; (2) to evaluate landslide movement patterns so as to explain the 
development to failure and their mechanisms; and (3) to investigate the hysteresis 
relationship between groundwater and displacement rate. 
 
Field monitoring has been undertaken at Upgang, a cliff formed in glacial till in North 
Yorkshire, UK (54.29° N and 0.38° W) for 30 months between 2010 and 2012. The 
monitored section extends 250 m along the coast and is 30 m high. The characteristics of 
the cliff face and its deformation over time were monitored monthly by terrestrial laser 
scanning. The landslide complex displays seasonal movements, associated with rotational 
failures, sliding and deterioration of the failed mass into a complex of mudslides. 
Movement is dominated both by groundwater variations resulting from precipitation, and 
marine cutting of the cliff toe. Data from a reactivating landslide, situated at the upper till 
section of the cliff, was selected to characterise post-failure change. The high spatial and 
temporal resolutions of the monitoring undertaken in this research allow these processes 
to be better understood. Uniquely, this study combines three detailed datasets including 
terrestrial laser scanning, in-situ monitoring and rigorous laboratory testing to explore the 
controls on the nature and style of landslide movement. 
  
The results demonstrate that reactivation of the landslide occurred in phases of accelerated 
(0.2 – 6.27 mm/hr), slow (< 0.2 mm/hr) and negligible movements, which were found to be 
influenced by the fluctuation of groundwater. A complex relationship has been found at the 
reactive shallow landslide, where the onset of accelerated movements corresponds to an 
increase in groundwater at the landslide base. Two types of hysteresis patterns, both 
clockwise (Strain hardening) and anti-clockwise (Strain softening), relating groundwater and 
displacement rate, were observed. The key controlling mechanism appears to be plastic 
deformation. The varied velocities are dependent on the stress state controlled by both rate 
of change in groundwater and absolute groundwater level. The intensity of rainfall has a 
significant effect on the style of movement. The results have wider implications for 
understanding the controls on landslide movement in coastal cliffs and reactivation 
landslides. 
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earthflows’; L4 refers to ‘Gullies’; L5 refers to ‘Toe erosion/deposition’: L6 
refers to ‘Translation block’. The cliff face terrain presents an elevation view 
facing out to the North Sea (captured in December 2011). Profile A-A’: Zone 
A refers to ‘Slide source zone’ (3 m); Zone B refers to ‘Transportation zone’ 
(13 m); Zone C refers to ‘Erosion zone’ (10 m); and Zone D refers to ‘Toe 
erosion/accretion zone’ (4 m). 
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Figure 4. 6    A diagram of two perspective views (xy and xz) of change 
(orange area) of the material on a landslide slope, with the hatched area 
representing the difference in change volume due to view occlusion. 
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Figure 4.7     Distribution of volume change for each month from the plan 
view (a) and the elevation view (b). Surface change in term of volume loss is 
represented by negative values (orange) with the highest volumes changes 
being recorded in January and December 2012. Whereas the change in term 
of volume gained is represented by positive values (blue) with the highest 
volume change being recorded in November 2012. 
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Figure 4.8     Cumulative distribution of landslide volume for each monitoring 
month from the plan view with 42.04 m3 of the total net change (a) and the 
elevation view with 74.06 m3 of the total net change  (b). Surface change in 
term of volume loss is represented by negative values (orange) and the 
change in term of volume gained is represented by positive values (blue). 
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Figure 4.9     Kernel density estimate of the monthly distribution of gain and 
loss from the plan view (a) and the elevation view (b). 
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Figure 4.10   The landslide evolution of Landslide B3 is presented by profile 
A-A'. Four zones of landslide failures and a lithology section are provided.  
Negative values correspond to loss or subsidence of the material (orange), 
whereas positive values indicate a movement where loss material is 
combined with the advancing landslide. Zone A shows very small to small 
changes (0.05 - 0.5 m) with positive values as can be referred to shallow 
landslides movement along the top bench. Zone B 'Transportation zone' 
records a loss of material (0.3-0.7 m) underlay by U2. However, a gain of 
material is observed at the lower part of this zone (0.25- 0.84 m). Zone C is 
the erosion zone and has a significant loss of material during the Autumn-
Winter months (August, October, November and December). Zone D has 
significant changes both in terms of loss and gain throughout the monitoring 
period. Note: the blue (gain) and orange (loss) numbers represent 





Figure 4.11   The landslide evolution of Landslide B4 is presented by profile 
B-B'.  Three zones of landslide failures and a lithology section are provided.  
During the Spring months, Zone B and Zone C recorded did not record 
significant changes. However, Zone D has significant changes both in terms 
of loss and gain throughout the monitoring period. The significant block fall 
that was recorded in May (approximately 3.4 m) was largely a result of 
intensive rainfall during that period. The reworking of failed materials from 
the block fall can be observed in the subsequent months through the 
occurrence of sand flows. However, fresh mudslides were also observed in 
December 2012. Note: the blue (gain) and orange (loss) numbers represent 




Chapter 5 Landslide movement dynamics  
  
Figure 5.1     All recorded landslide displacement in different parts of the 
cliff; upper (VBW1, VBW2, VBW3, S1, S2 and S4); middle (VBW4) and lower 
(VBW5 and S5). The displacement data of the upper part of the cliff, 
especially VBW1 and S4 showed the most movement over the period of 
monitoring (cumulative displacement =1277 mm). 
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Figure 5.2      A diagram of the reactivated landslide at the upper section of 
the Upgang cliff at which instruments were installed (A). The extensometer 
consisted of a cable that was anchored on the main scarp of the landslide 
and extended up to and past the ground surface recording landslide 
displacement (B; i.e. VBW1 and S4). The photos show the upper part of the 
cliff before failure in 2010 (C1) and after failure in 2011 (C2). 
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Figure 5.3     Groundwater within the landslide was measuring the standpipe 
in a borehole that was 6.5 m deep (PZU). The minimum groundwater level is 
4 m from the base of the borehole. 
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Figure 5.4     Field monitoring data between March 2011 and December 
2012: a) Graph of cumulative displacement (mm) and displacement rate 
(mm/hr); b) Graph of groundwater (m) and groundwater rate (m/hr); c) 
Graph of cumulative rainfall (mm) and hourly rainfall (mm) over the entire 
monitoring period. Note: A- period of landslide gradually developed 
deformation, B- maximum hourly rainfall 10 mm, C- first time of accelerated 
movement, D- maximum groundwater level 6.5 m, E- maximum 
displacement rate 6.27 mm/hr and blank - no data available. 
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Figure 5.5      Plot of normalised cumulative distribution of displacement rate 
against displacement rate showing a narrow range between 0.06 and 0.4 
mm/hr of displacement rate at the values between 70th  and 90th 
percentiles of cumulative distribution. The threshold start of accelerated 
movement is likely in the middle of the range as 85th percentiles of 
cumulative distribution (? 0.2 mm/hr). The displacement rates between the 
70th - 85th percentiles of cumulative distribution represent periods of slow 




below the 70th percentile of cumulative distribution (< 0.06 mm/hr). 
 
Figure 5.6     Plot of cumulative displacement and displacement rate over the 
entire monitoring period showing repetitive patterns of accelerated, slow 
and no movements. Note: Red represents periods of accelerated movement; 
Pale yellow represents periods of slow movement and Blue represents 
period of no movement. 
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Figure 5.7     Plot of cumulative displacement and displacement rate against 
time (days) showing characteristics of accelerated movements. All show a 
positive steep gradient slope of cumulative displacement and a variety of 
displacement rates (0.2 - 6.27 mm/hr). 
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Figure 5.8     Plots of cumulative displacement and displacement rate against 
time (days) showing characteristics of slow movements at very low 
displacement rates (up to 0.15 mm/hr). The slow movement show a positive 
slope of cumulative displacement (downslope). 
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Figure 5.9      Plot of cumulative displacement and displacement rate against 
time (days) showing characteristics of no movements. Three periods of no 
movement show a positive slope of cumulative displacement and 
displacement rates close to zero (i.e. Period 13, 18 and 19). Two periods of 
no movement show a negative slope of cumulative displacement with low 
displacement rates (i.e. Period 10 and 16). 
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Figure 5.10    Plot of cumulative rainfall and hourly rainfall over time with 




Figure 5.11    Plot of groundwater level and cumulative displacement over 
time showing three patterns of accelerated, slow and no movements 
between 2011 and 2012. Patterns of increasing groundwater of accelerated 
movement based on bottom of borehole (A and B patterns). A is a regime of 
increasing groundwater that is nearly reaching or has reached ground 
surface (low effective stress on the shear surface (i.e. Period 14 and 19). B is 
a regime of increasing groundwater in the shear zone without full saturation 
of the soil column (change of effective stress on the shear surface) (i.e. 
Period 2, 4, 6, 8, 9, 11, 12, 17 and 20). Slow movements occur during drier 
periods and low groundwater levels (mean groundwater 4.83 m). No 
movements are observed during groundwater decline with a variety of 




Figure 5.12   Changing groundwater level over accelerated movement (left) 
and slow movement (right). Statistics denoted by the box plots are 
presented maximum, mean, standard deviation of the mean and minimum 
of groundwater level. 
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Figure 5.13    A plot of the cross-correlation functions for rainfall and rate of 
groundwater level change for 24 hours showing the correlation is considered 





Figure 5.14    A plot of the cross-correlation functions for groundwater level 
and displacement rate change for 10 hours showing the correlation is 






Chapter 6 Control of groundwater on landslide movement  
  
Figure 6.1     Particle size distribution chart of five glacial till samples showng 
gradings that are typical of glavial till gradings, i.e, they represent well 
graded silt. The dominant particles are Silt (71-75%) and Clay (about 21-
29%), whilst Sand content is minor(less than 10% ). 
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Figure 6.2     Classification of glacial tills in the plasticity chart. Three samples 
fell into the high plasticity level (CH) and only one sample fell into the 
medium plasticity level (CI). Three samples had percentage of liquid limit 
over the B-line (>50%) denoting high compressibility. 
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Figure 6.3     The log (σv) curve of axial effective stresses at 10, 20, 25, 50, 
100, 200, 400, 800 and 1600 kPa against voids (e) for the two tests. a) The 
resultant pre-consolidation stress (σ'c) is about 122 kPa on Sample W01. b) 
The resultant pre-consolidation stress (σ'c) is about 125 kPa on Sample W02. 
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Figure 6.4     Plots of strain development during consolidation. A higher 
consolidation pressure resulted in a larger axial displacement with a lower 
void ratio, and a lower consolidation pressure was subjected to a higher void 
ratio: a) consolidation curves at effective stresses 75, 125 and 175 kPa: b) 
plots of maximum effective stress against axial displacement: c) Plots of 
maximum effective stress against void ratio. (Dots: Purple represents data 
from direct shear tests: W02, W03, W04, W05; Orange represents direct 




Figure 6.5     Shear stress against Shear displacement curves illustrating the 
characteristics of ductile deformation during the direct shear tests at 
effective stresses 50, 75, 125 and 175 kPa: a) West samples (W02, W03, 04, 
W05); b) East samples (E02, E03, E04). 
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Figure 6.6     Contractive behaviour of West samples (W02, W03, 04, W05) 
showing decreasing void ratios that are positively related to the amount of 
stress applied during the shear stage: (a) Plots of axial against shear 
displacements and (b) Void ratio against Shear displacement at effective 
stresses 50, 75, 125 and 175 kPa. 
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Figure 6.7     Contractive behaviour of East samples (E02, E03, E04) showing 
decreasing void ratio during the shear stage  similar to West samples: (a) 
Plots of axial vs. shear displacements and (b) Void ratio vs. Shear 





Figure 6.8     Strain development during shearing stage in terms of effective 
cohesion and frictional angle. Frictional strength increase rapidly at the 
initial stage of shearing (≤ 4 mm), followed by decreasing frictional strength 
toward the end of failure. Conversely, effective cohesion increases 
dramatically and followed by stabilisation: a) West samples (W02, W03, 04, 
W05); b) East samples (E02, E03, E04). 
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Figure 6.9     Strain development during shearing stage revealed by failure 
envelopes at equal strains. West sample (a) and East sample illustrated the 




Figure 6.10   Failure envelopes defined by the stress conditions at maximum 
shear stress, derived from effective stresses at 50, 75, 125 and 175 kPa: a) 
West samples (W02, W03, 04, W05); b) East samples (E02, E03, E04). 
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Figure 6.11   The cyclic test diagram showing three different sets of non-
linear reinflation tests using the sinusoidal wave form. The average 
reinflation rates are 0.5 (blue), 1 (gold) and 2(red)  kPa/hr. PWP increases 
very fast at the initial stage and gradually slows down when groundwater is 
nearly at the peak of the amplitude (30 kPa). The increasing PWP rates of 
0.5, 1 and 2 kPa/hr take 60, 30 and 15 hours to reach the peaks, respectively. 
Thereafter, PWP decreases (dashed lines) back to the same datum (225 kPa). 
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Figure 6.12   Stress paths followed in the PPR test programme,  Samples 
were brought to 80% peak strength at three effective stresses during 
drained initial shear (DIS), before being sheared by increasing pore pressure. 
The mean failure envelope was derived from mean of Ƭmax (red dots) based 
on two set of BPS tests (West and East samples). 
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Figure 6.13   Soil behaviour during BPS consolidation and drained initial 
shear for the PPR tests (PPR rate = 10 mm/hr) at effective stresses 50, 75, 
125 and 175 kPa: a) Stress path; b) Plastic stress-strain relationship; c) Axial 
against shear displacements showing increasing axial displacement when 
shear stress levels increase. 
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Figure 6.14   Shear stress against shear displacement showing soil behaviour 
during the 10 kPa/hr PPR tests at effective stresses of 75, 125 and 175 kPa 
and shear stresses of 40, 55 and 70 kPa respectively. 
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Figure 6.15   Contractive and dilative behaviour during the DIS and 
reinflation stages at the constant shear stresses of 40, 55 and 70 kPa: a) axial 
displacement against shear displacement: b) Voids ratio against shear 
displacements. The red lines represent the DIS stage and blue lines 
represent the reinflation stage. Voids ratio increase from 0.54 to 0.56 at a 
constant shear stress of 40 kPa; from 0.52 to 0.55 at a constant shear stress 
of 55 kPa and from 0.47 to 0.48 at a constant shear stress of 70 kPa. 
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Figure 6. 16   Strain development expressed in strain rate contour following 
the 10 kPa/hr average PPR tests at 40, 55 and 75 kPa. The acceleration 




closely-spaced contours at strain rates of 0.3-0.8 μs/hr. 
 
Figure 6.17      Strain development during PPR tests in terms of effective 
cohesion and frictional angle. The effective cohesion dropped sharply at a 
shear strain rate of 0.2 μs/hr (approximately c'= 18.26) to relatively constant 
values at the larger strains (c' = 15.48 kPa). Meanwhile, the frictional angle 
increased dramatically with a maximum of ø' = 28.72 and then dropped 
towards the end of failure. 
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Figure 6.18     Reinflation failure envelopes defined by the stress conditions 
at the strain rate of 0.4 μs/hr derived from three PPR tests at shear stresses 
of 40, 55 and 70 kPa (blue dots). The corresponding strength paramenters 
are ɸ' = 28.72° and c' = 15.52 kPa. For comparison the mean failure envelope 
(BPS) derived from mean of Ƭmax (red dots) based on two set of BPS tests is 
shown.  The frictional angle is higher than the BPS frictional angle (21.6°), 
whilst the cohesion is lower (21.2 kPa). 
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Figure 6.19     Plots of displacement rate against time (a) and plots of 
displacement rate against effective stress (b) at the reinflation rate of 10 
kPa/hr with constant shear stresses of 40, 55 and 70 kPa. The plastic 
deformation illustrated the asymptotic trend, indicating three phases of 
movement, namely transient (1), steady-state (2) and accelerating (3) 
movement phases. Note: the dashed lines represent movement phases. 
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Figure 6.20     Plastic deformation behaviour at the linear reinflation rate of 
10 kPa/hr with constant shear stress of 40, 55 and 70 kPa: a) plots of Δ-t and 
b) Δ-σ' are illustrated by the asymptotic trend. 
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Figure 6.21     Plots of displacement rate against effective stress under a pore 
water pressure increment of 0.5 (a), 1(b), and 2(c) kPa/hr. Decelerations are 
found at the initial stage of increasing PWP, followed by accelerations. 
However, the movements show deceleration towards the end of the 
reinflation stage even though PWP is still increasing. Thereafter, a phase of 
acceleration was found at effective stresses of less than 60 kPa at the 
reinflation rate of 0.5 kPa; at effective stresses of less than 68 kPa at the 
reinflation rate of 1 kPa and at effective stresses of less than 65 kPa at the 
reinflation rate of 2 kPa. 
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Figure 6.22      Plots of displacement rate over time under reinflation rates of 
0.5 (a), 1(b), and 2(c) kPa / hr. Decelerations are found at the initial stage of 
increasing PWP, followed by accelerations. However, the movements show 
deceleration toward the end of the reinflation stage. 
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Figure 6.23      Plots of Δ-σ' under PPR rates of 0.5 (a), 1(b) and 2(c) kPa/hr 
showing the complex behaviour of deceleration and acceleration 
movements during increasing PWP. Higher reinflation rates are related to 
highly rapid accelerations. 
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Figure 6.24      Plots of Δ-t under pore water pressure increment of 0.5 (a), 
1(b) and 2(c) kPa/hr showing deceleration at the initial stage, followed by 





Chapter 7 Discussion  
  
Figure 7. 1     Cross section of A-A’ of landslide B3 based on terrestrial laser 
scanner data presents landslide morphology arising from coastal erosion. a) 
Pattern of landslide geometries and failure mechanism is here presented by 
the monthly changes between 21st August and 19th October 2012.  b) Cross 
section A-A’ showing high activities of landslide movement from upper to 
lower parts of the cliff with a variety of landslide types such as mud slides, 
mud flows, block fall and toe erosion. (c) Reactivation zone is associated with 
high groundwater fluctuations leading to reactivate shallow landslides at the 
Upper section of the cliff.  
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Figure 7.2     Ordered covariance values for landslide movement and 
independent variables. In general, most of the independent variables have a 
negative relationship with the landslide displacement rate (R) especially the 
Max.Gw. However, M.Gw, Max.Gwr and C.GW are positively related. 
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Figure 7.3     Plots of Pseudo-r² values against independent variables. a) 
Results of multi regression by adding each variable into the regression 
models. This shows that the Pseudo r² value has dramatic increment from 
Max.Gw, Max.Rain to D.rain and then followed by relatively constant Pseudo 
r² values (T.Rain, C.Gw). The insignificance of T.Rain and C.GW is consistent 
with the observation in b. b) The multi- regression models use two main 
variables (Max.Gw and Max.Rain) and record changes after adding either 
D.Rain, T.Rain or C.GW. The result shows that T.Rain and C.Gw are less 
significant as the Pseudo r² values drop. 
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Figure 7. 4     Plot of the residuals against the predicted values present a 
random pattern, so the model is reasonable (a). The normalized probability 




Figure 7. 5     Ordered displacement rates from field data and the predicted 
displacement rates from running the R model (Equation 7.2) 
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Figure 7.6       a) Plot of cumulative displacement (mm) and displacement 
rate (mm/hr) against time; b) Plot of groundwater (m) and groundwater rate 
(m/hr) against time; c) Plot of cumulative rainfall (mm) and hourly rainfall 
(mm) over the entire monitoring period. In Period 2, accelerated movement 
occurred between 26th August and 1st September 2011 with a high 
fluctuation groundwater (groundwater rate = 0.1 m/hr) due to heavy hourly 
rainfall (10 mm). This was followed by a long-duration slow movement that 
occurred between 01st September 2011 and 14th October 2011 when the 
groundwater declined. Note: Accelerated (1) and slow movement (2) in 
response to hydrological conditions. 
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Figure 7.7      a) Plot of cumulative displacement (mm) and displacement rate 
(mm/hr) against time; b) Plot of groundwater (m) and groundwater rate 




(mm) over the entire monitoring period. Period 5 - long-duration slow 
movement that occurred between 14th  November 2011 and 15th 
December 2011 when the groundwater declined, and followed by Period 6 -  
long-duration accelerated movement that occurred between 15th December 
2011 and 09th January 2012 with a high fluctuation groundwater 
(groundwater rate = 0.1 m/hr) during winter period. Note: Accelerated (1) 
and slow movement (2) in response to hydrological conditions. 
 
Figure 7.8      Reactivation of landslide movement corresponding to different 
hydrological conditions. a) A sudden surge of groundwater in a short period 
presented by Period 2, which occurred between 26 August and 01 
September 2012 showing about 13.4 mm in total displacement with a 
maximum displacement rate of 0.2 mm/hr. b) Slow and prolonged increasing 
groundwater (groundwater slowly increased, using a few days to reach a 
peak (longer time than Period 2)) presented by Period 4, which occurred 
between 14 October and 14 November 2011 showing about 177 mm in total 
displacement with a maximum displacement rate of 1.9 mm/hr. c) and d) 
Series of sudden surges of groundwater (dramatic rise and fall of 
groundwater) presented by Periods 14 and 15, which occurred between 6 
and13 July 2012 resulted in  about 230 mm in total displacement with a 
maximum displacement rate of 4 mm/hr. 
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Figure 7.9      Plastic behaviour during reactivation of landslide as shown by 
the asymptotic trends in all accelerated movements of Period 2, 4, 14 and 15 
presented by Plots of cumulative displacement against time; Plots of 




Figure 7.10      Soil behaviours through the reinflation processes presented 
by linear (10 kPa/hr) and non-linear reinflation (0.5, 1,2 kPa/hr). a) Plots of 
shear displacement against effective stress showing the initiation of 
movement, indicating plastic yield. b) Plots of displacement rate against 
effective stress and c) Plots of ? against effective stress show asymptotic 
trends in all reinflation tests. The asymptotic trends represent the key 
property of plastic behaviour that a decrease in stress (?') leads to a non-
linear increase in displacement rate. 
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Figure 7. 11    Dilative behaviour during strain development is presented by 
plot of void ratio against effective stress. 'Push and climb' samples 
developed slow dilation, indicating less permeability. Localised sliding 
(between 50 and 60 kPa of effective stress), rapid dilation established 
leading to soil samples having high permeability due to a high void ratio. 
Generalised slide (up to 50 kPa) can be seen clearly in the reinflation rate of 
0.5 kPa/hr demonstrating a high permeability due to a large change in void 
ratio. This indicates that the soil samples had developed a larger void ratio in 
relation to low effective stresses. 
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Figure 7.12     Conceptual graph plotting both cumulative displacement (mm) 
and displacement rate (mm/hr) against time (hours and days). The graph 
illustrates a movement pattern of shallow re-active landslide as represented 




which are accelerated movements (1), slow movements (2) and no 
movement (3), indicating reactivation, post-failure creep and no movement 
behaviours. The cumulative displacement is depicted as a stepped graph as 
the displacement rates are corresponding to a variation of groundwater. 
Furthermore the displacement rate trend seems to increase towards the end 
of the monitoring period, probably responding to high groundwater 
fluctuations. 
 
Figure 7.13     Patterns of post failure landslide movements based on field 
monitoring data between March 2011 and December 2012 presented in 
three periods (Period A, B and C). a) Graph of cumulative displacement (mm) 
and displacement rate (mm/hr); b) Graph of groundwater (m) and 
groundwater rate (m/hr); c) Graph of cumulative rainfall (mm) and hourly 
rainfall (mm) over the entire monitoring period. Period A is dominated by 
slow movement. This is due to low groundwater levels.  Period B 'graded' 
movement is alternated by accelerated (1) and slow (2) movements, 
indicating reactivation and post-failure creep behaviours. Period C is 
dominated by accelerated movements (1) but has some periods of no 
movement (3). The cumulative displacement is depicted as a stepped graph 
as the displacement rates are corresponding to a variation of groundwater. 
Displacement rates are especially high towards the end of the monitoring 
period, probably responding to high groundwater fluctuations. Note: 1- 
accelerated movement; 2- slow movement; 3- no movement; P- periods of 
landslide movement; the asterisk - break point of the extensometer; and the 
dashed line - period boundary between A, B and C. 
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Figure 7.14     Hourly displacement rate plotted against the corresponding 
hourly groundwater for accelerated movement periods. Hysteresis 
relationship between groundwater and displacement rate mostly show a 
similar 'clockwise' pattern. However, occasionally the anti-clockwise pattern 
is found in Periods 15 and19, showing that the reactivation landslide is 
undergoing deformation in response to the hydrological conditions. The 




Figure 7.15     Two patterns of hysteresis between landslide displacement 
rate and groundwater: The clockwise pattern has been observed in cohesive 
materials (a and b). Conversely, the anti-clockwise pattern has been 
observed in weak cementing materials (c, d and e). 
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Figure 7.16      The photographs of the progressive landslide development of 
mudslide: a) the transverse cracks were observed clearly in March 2011 (a) 
and (b) some cracks have developed to become a part of mudslides during 
wet period (i.e. July 2012). 
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Figure 7. 17     The development of displacement rate in response to 
increasing pore water pressure in three ranges of PPR tests (average 
reinflation rates of 0.5 (a), 1 (b) and 2 (c) kPa). All plots of displacement rates 
against time show similar patterns, which are deceleration at the initial PPR 
test and then acceleration stage during increasing pore water pressure 




change of pore water pressure declining. 
 
Figure 7.18      Laboratory testing results undertaken using different average 
PPR rates of 0.5, 1 and 2 kPa/hr presented by plots of displacement rate 
against pore water pressure (above) and plots of displacement rate against 
groundwater (below). The hysteresis relationship between landslide 
displacement rate and pore water pressure/groundwater of the three 
different reinflation rates show a similar 'clockwise' pattern. The arrows 




Figure 7.19     A diagram depicting the development of displacement and 
displacement rate observed in PPR tests showing three stages in the 
development of landslide displacement (A, B and C). 
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Figure 7.20     Plots of average displacement rate against groundwater level 
with their exponential trends showing the conventional hysteresis 
relationships between groundwater and displacement rates, separating the 
rising up (Up) and dropping (Down) of groundwater into three regions: a) 
Max-region (Max.Up; Max.down), b) Mean-region (Mean.Up; Mean.Down) 
and c) Min-region (Min.Up; Min.Down). The different landslide rates occur at 




Figure 7.21     Conventional model of the relationship between average 
displacement rate and groundwater level presented in probability 
distribution. The 12 periods of accelerated movement (Periods 2, 4, 6, 8, 9, 
10, 11, 13, 14, 15, 17 and 19) are used to calculate a raster hysteresis model 
using the data metric gridding method. The hysteresis model shows by 
colour rings from low to high probability (0 - 0.035). As can be seen, the 
landslide rates fall under a range of varied groundwater levels with a 
different range of probability. This suggests that the emerging hysteresis is 
with local and temporal variations in groundwater level. The X line represent 
the example at a groundwater level of 5.7 m: at x1 displacement rate falls to 





List of Notations 
 
The following symbols (BSI, 1990a; Head, 1998) and notations have been used in the thesis, 
with the term and the international system (SI) of Units defined where appropriate. An 
asterisk indicates no unit, multiple units or dimensionless. 
Symbol Description Unit 
AMSL Above mean sea level * 
aD Axial displacement mm 
BPS Back Pressured Shear box * 
ρwet Bulk density mg/m
3 
PZU, PZM, PZL Casagrande piezometers  * 
S1 to S5 Compact string potentiometer extensometer * 
DIS Drained initial shear * 
ρdry Dry density mg/m
3 
c’ Effective cohesion kPa 
ɸ’ Effective frictional angle ° 
σ' Effective stress kPa 
Gw Groundwater level m 
U1 Hessle till or weathered till * 
ei Initial void ratio  * 
Δ Inverse velocity hr/μs 
LL Liquid limit % 
Lol Loss on ignition % 
τmax Maximum horizontal shear stress kPa 
PL Plastic limit  % 
PI Plasticity Index % 
PWP Pore water pressure  kPa 
PPR Pore water pressure reinflation test  * 
σ'c Pre-consolidation pressure kPa 
Δp Rate of change in pore water pressure μkPa/hr 
M Sand and gravel beds * 
sD Shear displacement mm 
τ Shear stress kPa 
L1 Skipsea till * 
Gs Specific gravity  * 
Std Standard deviation of the mean * 
TLS Terrestrial Laser Scanning * 
σ Total stress kPa 
VBW 1 to 5 Vibrating-wire extensometers * 
e Void ratio  * 




Chapter 1 Introduction 
1.1 Landslides in a global context: justification and research motivations 
 
Landslides are one of the most destructive natural geological hazards on earth (Brabb, 
1991). In total, 2,620 fatal landslides were recorded worldwide between A.D. 2004 and 
2010, causing a total of 32,322 recorded fatalities (Petley, 2012). The temporal occurrence 
of fata landslides in this data set appears to indicate a rising trend. Despite the damaging 
effects of landslides to both lives and properties, knowledge on landslides mechanisms is 
surprisingly lacking. As such, this thesis seeks to contribute to this genre of research in the 
hope of gaining a better understanding on the nature and characteristics of landslide 
movements. It is hoped that through a more in-depth and rigorous understanding of 
landslide mechanisms, a model will be developed to improve the predictability of landslide 
occurrence and movement.  
 
Landslides can be categorized into ‘first-time’ or ‘reactivated’. First-time landslides are 
often characterized by high velocities, and have a greater chance of generating fatalities 
(Cascini, et al., 2005). Conversely, reactivated landslides commonly cause greater economic 
damage and, sometimes, temporary or permanent evacuation of large zones. Therefore, 
forecasting the behaviour of these phenomena represents an important issue for an 
adequate management. Investigating the mechanisms of landslide displacement is crucial 
for understanding and potentially forecasting future landslide behaviour.  
 
Reactivated landslides, which are mostly slow-moving failures, are often classified as earth 
slides and creeping landslides (Varnes, 1978). Such landslides cause substantial levels of 
damage both to structures and to infrastructure (Cascini et al. 2005). According to the 
geotechnical characterization of slope movement (Fell et al., 2000), slow-moving landslides 
are phenomena in which movement occurs along one or several pre-existing slip surfaces. 
The post failure behaviour exhibit either active or occasional reactivation movement 
(Leroueil, 1996). Such landslides generally display seasonal variation at the rate of 
movement that is controlled, both in the accelerating and decelerating phases, by 
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groundwater fluctuations (Massey, 2010; Massey et al., 2013). Occasional reactivations 
refer to larger episodic movement that is controlled by high rates of change in groundwater, 
exaggerated by antecedent rainfall conditions.  
 
This study is motivated by the desire to address two limitations in contemporary landslides 
research. Firstly, at present, monitoring or detection of landslide activity is based primarily 
on information provided by aerial/satellite images and Geographic Information System 
(GIS). However, such techniques are not applicable to near vertical surface such as a cliff 
face. This leads to the first research question of the thesis: What methods are available to 
better capture landslide activity on steep slopes? 
 
Besides the limitations of aerial/satellite images and GIS techniques in 
monitoring/detecting landslides, there is also an apparent lack of knowledge in terms of 
landslides mechanisms. In other words, most research focuses on the triggering factors of a 
landslide without probing the inner-workings governing initiation, and cessation of 
movement (Allison and Brusden, 1990; Angeli et al., 2000; Corominas et al., 2000; Lee and 
Clark, 2002 and Picarelli, 2007). Therefore, the second research question asks what the 
underlying landslide movement mechanisms are.  
 
1.2 Research aim and objectives 
 
In response to the research questions, the aim of this research project is to improve the 
understanding of landslide movement patterns by conducting both field monitoring and 
laboratory tests on a coastal cliff formed in glacial till. The study area is located at Upgang 
Beach, which is on the coast North of Whitby, North Yorkshire, at 54.29o North and 0.38o 
West (Figure 1.1). The area extends for c. 250 m of the coastline. The terrain at the top of 
the cliff is relatively flat, dropping away to the North towards the North Sea. The cliff is 
approximately 30 m in height. There is Whitby Golf Club and Sandsend Road (A174) 






































Figure 1.1 Location of the study area (red outline) at Upgang cliff, North Yorkshire, UK showing the coastal slope, beach terrain and constructions. Note: Photograph taken in 












The objectives of this research are to: 
 
1. Develop techniques to measure the spatial and temporal patterns of landslide 
movement using a combination of in situ field monitoring and laboratory tests.  
2. Understand controls on landslide initiation focusing on rainfall-induced changes in 
groundwater;  
3. Evaluate the mechanisms of reactivated movements using field monitoring data; 
4. Examine the deformation of reactivation using reinflation tests to replicate field 
failure conditions; 
5. Investigate the relationship between displacement rate and groundwater level in 
governing the varied displacement velocities. 
 
1.3 Scope of the study 
 
To enhance the understanding of the mechanisms of landslide movement, field monitoring 
and laboratory testing approaches were established. 250 m of the Upgang cliff was 
monitored. Monitoring systems were designed to cover the cliff face using a terrestrial 
laser scanning while a specific landslide area was chosen (see Chapter 3) to capture the 
landslide movement, groundwater and rainfall (Objective 1). This study focuses on a 
reactivated landslide that is associated with antecedent rainfall controlled groundwater 
changes (Objective 2). As indicated by the field monitoring data, increasing groundwater is 
a key landslide triggering mechanism in rainfall-induced landslides in which groundwater 
increases above a triggering threshold leading to landslide movements. Field monitoring 
provided information on the types of movement deformation, patterns of landslide 
movement and controls on landslide (Objective 3). Conversely, laboratory testing allowed 
patterns of landslide deformation to be understood through the Saito approach (Δ-t space 
analyses) (Petley et al., 2002) (Objective 4). Finally, the hysteresis relationship between the 
landslide displacement rate and the groundwater level was investigated (Objective 5). 
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1.4 Thesis structure 
 
The thesis has been subdivided into eight chapters, which are briefly outlined below:  
 
Chapter 1 provides an introduction to the research, its context and justification of this 
thesis. The chapter identifies the aim, key objectives and scope of the study and describes 
the thesis structure. 
 
Chapter 2 presents a detailed review of the recent state of knowledge on the mechanisms of 
landslide, which includes three main themes:  
1) Landslide definitions and classification systems, and the significance and role of material 
deformation;  
2) A review of the literature focusing on landslide dynamics including monitoring landslide 
morphology techniques, engineering property of till; landslide movement patterns and the 
patterns of relationship between groundwater and displacement rates;  
3) The underlying mechanisms of landslide including reinflation testing, landslide behaviours 
in terms of the Δ-t space technique, dilative behaviour and creep deformation.  
 
Chapter 3 briefly introduces the study area and outlines the methodologies developed; the 
field monitoring record of displacement, groundwater and rainfall; the method used to 
investigate the spatial and temporal distribution of landslides through a series of terrestrial 
laser scanner (TLS) datasets; and the method used to undertake laboratory tests, including 
material properties and reinflation testing.  
 
Chapter 4 provides an analysis of the TLS datasets, which are used to investigate the spatial 
and temporal distribution of landslides across the cliff, and their association with rainfall 
and marine activity. The chapter also discusses landslide failures that are associated with 
different failure mechanisms, and the reworking of failed material and the continued 
removal of fresh material from the cliff. 
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Chapter 5 offers a discussion on the landslide movement dynamics observed from March 
2011 to December 2012. The analysis provides an overall characteristic of recorded 
monitoring results and seeks to identify landslide deformation patterns based on rate of 
landslide displacement. Two main movement deformation patterns are addressed, namely 
accelerated and slow movements. Factors affecting movement patterns (precipitation and 
groundwater level) are also examined.  
 
Chapter 6 gives an analysis of the laboratory testing used in this study, including physical 
properties, strain-controlled compression by the back pressured shear box (BPS) and the 
stress-controlled reinflation tests (PPR). The chapter further describes the response of the 
sediment to increasing pore water pressure using field monitoring data of accelerated 
periods.  
 
Chapter 7 discusses the data described in chapters 4, 5 and 6 by drawing upon and 
synthesising the results in order to gain a better understanding of landslide mechanisms in 
shallow landslides. By assessing the landslide patterns, one can better calibrate the 
landslide movement behaviour observed in the laboratory testing. 
 
Chapter 8 concludes the thesis by highlighting the principal findings, limitations of this 
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2.1 The fundamentals of landslide processes 
 
The fundamentals of landslide processes can be discussed in terms of: 
 The definition and classification of landslides; 
 Principles of slope stability; 
 Material deformation behaviour; 
 Failure processes of slope movements 
  
These will be discussed in the following sections. The general landslide definition and 
classification are defined based on Cruden (1996) and Cruden and Varnes (1996), 
respectively. The factor of safety is a principle of slope stability, is described as the 
relationship between shear stress and shear strength, which are the key strength and 
stress operating within a slope. The basics of material behaviour and ductile and brittle 
deformation are introduced. Finally, the failure of landslide is addressed in terms of slope 
movements including pre, progressive and post failure stages.   
 
2.1.1 Definition and classification of landslides 
 
Landslides are defined as the movement of mass of rock, debris, or earth (soil) down a 
slope under the influence of gravity (Cruden, 1991). Landslides are classified and described 
based upon three key elements: the types of movement, the types of material and the rate 
of movement (Varnes, 1978). The classification proposed by Varnes (1978) is most widely 
accepted and utilised (Table 2.1). The five main landslide types include falls, topples, slides, 
spreads, or flows, which can occur in rock debris ( > 20% gravel and coarse grains) and 
earth material ( <20% gravel and coarse grains) (Jakob and Hungr, 2005). The rate of 
movement range from ‘extremely slow’ (< 16 mm/yr) to ‘extremely rapid’ (> 5m/sec) (Table 
2.2 from Cruden and Varnes, 1996). This study is concerned with a complex type of 
landslide that is formed from multiple shallow landslides, including rotational slides and 
translational slides, earth flows and topples. 
Chapter 2 Literature review 
-8- 
 






> 20 % gravel and coarse grain 
Predominately fine 
< 20 % gravel and coarse grain 
FALLS Rock fall Debris fall Earth fall 
TROPPLES Rock topple Debris topple Earth topple 
SLIDE ROTATIONAL Rock slide Debris slide Earth slide 
TRANSLATION 




Debris flow Earth flow 
(Soil creep) 
COMPLEX combination of two or more principle types of movement 
 











 5 m/sec Catastrophe of major violence; buildings 
destroyed by impact of displaced material; many 
deaths; escape unlikely. 
6 Very Rapid 5 x 10
1
 3 m/min Some lives lost; velocity too great to permit all 
persons to escape 
5 Rapid 5 x 10
-1
 1.8 m/hr Escape evacuation possible; structures, 
possessions, and equipment destroyed 




Some temporary and insensitive structures can 
be temporarily maintained 
3 Slow 5 x 10
-5
 1.6 m/year Remedial construction can be undertaken during 
movement; insensitive structures can be 
maintained with frequency maintenance work if 
total movement is not large during a particular 
acceleration phase 
2 Very Slow 5 x 10
-7
 16 mm/year Some permanent structures undamaged by 
movement 
1 Extremely Slow  < 5 x 10
-7
  < 16 
mm/year 
Imperceptible without instruments; construction 
possible with precautions. 










Failure when F = 0
Unstable when F < 1
Stable when F > 1
2.1.2 Principles of slope stability 
 
Landslides initiate when shear stress is greater than the shear resistance of the material 
(Terzaghi, 1950). Their relative relationship is expressed as a ratio of shear resistance (shear 
strength, τf) to shear stress (τ), known as the factor of safety (F) (Figure 2.1). The failure will 
occur when the shear stress are exactly equal to the shear strength F=1 (Craig, 2004); The 



















Figure 2.1 The relationship between shear stress and shear strength expressed as a ratio of shear strength to 
shear stress, known as the factor of safety (Modified from Selby, 1993) 
 
Petley et al., (2005a) proposed a model to explain the development of progressive failure in 
cohesive materials. The Four stages of development of the failure are illustrated in the model 
and each stage is shown in terms of the change in the factor of safety through time (Figure 
2.2). In the first stage (Figure 2.2: A), the variation of the factor of safety of the slope through 
time (the F fluctuates) is caused by variations of pore water pressures. When a critical factor 
of safety is reached, it resulted in the growth of micro-cracks. The slope undergoes a small 
amount of creep-type displacement, through strains are small (Petley et al., 2005a).  In the 
second stage (Figure 2.2: B), the microcracks grow to a high density and start to interact and 
coalesce after reaching a critical strain leading to the formation of the shear surface within 
the shear zone. The factor of safety drops further as the strength of the material decreases 
from the peak to residual strength. This causes microcrack coalescence and development of 

















































































the shear surface. This stage is the secondary creep (Varnes, 1978), as characterized by small 
movements of the landslide mass. The failure surface is not fully developed at this stage. In 
the third stage (Figure 2.2: C), rapid growth of the shear surface is facilitated by the 
hyperbolic increase in shear stress transferred to the unsheared materials within the shear 
zone. The factor of safety drops rapidly through time. In this stage, the shear stress exceeds 
the shear strength leading to a catastrophic acceleration to failure. This point is the tertiary 
creep and it is characterised by linearity in 1/velocity (Δ)-t space. However, changes in pore 
pressure have little influence in the rupture-surface development process, which is primarily 
controlled by crack growth (Petley et al., 2005a). The final failure is when factor of safety 
equals unity (Figure 2.2: D). The landslide occurs and the rate of movement becomes 
dependent upon processes other than cracking, including smoothing and polishing of the 
shear plane, downslope geometry, pore water pressure fluctuation and fragmentation 
(Petley et al., 2005a). The failure occurred by a fully-developed shear plane surface just 

























Figure 2.2 Development of progressive failure in cohesive landslide presented using the factor of safety 
through time with shear surface formation and strains in Δ-t space (source: Petley et al., 2005a). 






















In this research, the Upgang landslide, which is a reactivated landslide, may be viewed as a 
movement in the post-failure stage acting to rebalance the forces within a slope from an 
unstable to a more stable state. To understand landslide failure conditions and their 
mechanisms, knowledge of the key strength and stress operating within a slope is needed. 
The shear strength of a soil is expressed by the Mohr Coulomb relationship as a linear 
function of the normal effective stress (σ’) on the plane at the same point (Craig, 2004). 
The Coulomb shear strength equation indicates that slope resistance mainly comes from 
the effective cohesion (c’) and the angle of internal friction (ø’), which in turn depends on 
the normal stress (σn). The effective shear strength of soil is given by the Coulomb equation 
as: 
τf = c’ + (σn – u) tan ø’      Equation 2.1 
 
where τf  is the effective shear strength at any point in the soil;    is the effective cohesion, 
σn is the total normal stress, u is the pore water pressure, ø’ is the effective angle of 
internal friction.  
 
The shear strength of a slope can be assessed in terms of effective major (σ1’) and minor 
(σ3’) principal stresses of soil at the failure point. A stress state can be represented either 
by a point with coordinates τ and σ’ or by a Mohr circle defined by the effective principal 
stresses σ1’ and σ3’. Stress points and Mohr circles representing stress states at failure are 
shown in Figure 2.3.  
Figure 2.3 Mohr-Coulomb failure criterion (after, Craig 2004) 
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The Mohr Coulomb failure criterion is a typical method to represent states of stress of 
material at failure. The resultant Coulomb shear strength of material indicates the effective 
cohesion (c’) and the angle of internal friction (ø’). However, the Mohr Coulomb failure 
criterions do not address the strains prior to failure, especially when the displacement 
accelerates as failure develops (the pre-failure) or when reactivation occurs (post-failure) 
(Cristescu et al., 2002; Quinn et al., 2010; Ng, 2007).  
 
For shallow landslides, failures occur when a critical combination of shear stress and 
effective normal stress develops (Craig, 2004). The effects of cohesion (Sidle and Ochiai, 
2006) and pore water pressure (u) are large. This is because the safety factor (f) of a slope 
decreases at greater depths in the soil profile and approaches tanø/tanβ in deep soil. 
However, when the soil is deep, the effects of cohesion and pore water pressure become 
small, while the effect of slope inclination and internal friction angle become large (Sidle 
and Ochiai, 2006). Therefore, in terms of the factor of safety (F) this can be expressed as: 
 
F = c’ + (γ zcos² β – u )tanø’ / γ zsinβ cos β  Equation 2. 2 
u = γw m zcos² β  Equation 2. 3 
Thus,  
 
F = c’ + (γ –m γw ) zcos² β tanø’ / γ zsinβ cos β  Equation 2. 4 
 
Where γ is the unit weight of the soil at the natural moisture content, γw is the unit weight 
of water, m is a fraction of the soil thickness above the plane, β is the slope angle, u is the 
pore water pressure at depth z and z is the soil depth 
On a natural soil slope (based on the Equation 2.4, the triggering mechanism of shallow 
landslides is attributed to increases of pore water pressure. This has been termed 
“hydrological triggering” by Terlien (1998). Although the shear stress is approximately 
constant, the increase of pore pressure reduces the normal effective stress of the slope 
materials acting on a potential shear surface. 
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2.1.3 Material deformation behaviour 
 
The underlying mechanisms for landslide movements can be explained in more detail with 
reference to the typical stress-strain behaviour of material at different levels of effective 
stresses (Figure 2.4) (Petley and Allison, 1997). In general, brittle deformation is 
represented by a catastrophic failure that occurs rapidly. This type of deformation is 
characterised by fracture. Conversely, ductile deformation is often related to continual 
creep movement or sliding on existing planes of weakness (Petley and Allison, 1997; Hungr 
et al., 2005). Ductile deformation is associated with shear fracture, promoted by shear 
stresses, and occurs as a result of extensive slip on an active slip plane.  
 
 
Figure 2.4 Stress-strain curves showing deformation patterns of materials: (a) brittle deformation; (b) ductile 
deformation (after Petley and Allison, 1997). 
 
Both brittle and ductile deformation undergo a combination of elastic and plastic 
deformation as can be seen in stage I (initial elastic phase) and stage II (Elastic-plastic phase) 
(Figure 2.4). However, in a brittle material continued loading will cause failure as strength 
decreases and strain localises (strain-weakening), causing a shear zone or surface to 
develop (stage IV). Therefore, displacement will occur across the shear surface while the 
stress reaches a steady residual value (stage V) (Petley and Allison, 1997). Conversely, for a 
ductile material, after the yield point, the stress remains constant due to internal 
Legend
I Initial elastic phase
II Elastic-plastic phase
IV Strain weakening phase
V Residual, steady state phase
Legend
I Initial elastic phase
II Elastic-plastic phase
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restructuring of the material in which the strain cannot localize to form a shear surface and 
as a result the material is not able to sustain the increase in load. Consequently, the 
material is dominated by plastic behaviour (Stage III) (Petley and Allison, 1997). However, 
the ductile concept applies to homogenous material that behaves in a perfectly plastic 
manner. Most natural soft sediments are not purely ductile meaning that the materials can 
experience both ductile and brittle deformation. For instance, London clay undergoes 
ductile-brittle deformation (Petley and Allison, 1997) at very high effective stress states (i.e. 
in very deep of landslide) as can been seen in Figure 2.5.  
 
 












I II III IV V
Elastic Elastic/
Plastic























Deformation phase Description 
I  Elastic There is an initial elastic response to loading and at this point all strains 
are recoverable. 
 
II Elastic-plastic At the initiation of yield, interparticle bonding begins to break down. The 
sample starts to accumulate plastic or irrecoverable strain in addition to 
elastic strain. 
 
III Pseudo critical state As deformation continues, the sample enters a phase of plastic or purely 
irrecoverable deformation. The main deformation mechanism is the 
growth of a multitude of pervasive microcracks. Deformation is 
effectively in a stable state at constant deviatoric stress. Pore pressures 
in the sample are constant, suggesting that any dilation that is occurring 
in the sample during the growth of microcracks is being balanced by 
compaction elsewhere. 
 
IV Brittle The continuing growth and coalescence of the microcracks eventually 
leads to the formation of a continuous fracture or shear surface across 
the sample. At this point brittle failure has effectively occurred. The 
strength of the sample is no longer determined by the properties of the 
intact material but by the friction across the shear plane. As the shear 
plane develops and becomes smoothed, the sample undergoes strain-
weakening. 
 
V Residual critical state Strain-weakening ends with the development of a complete, smooth, 
polished shear plane and associated damage zone (Petley et al., 1994). 
The sample is now at a stable state in which deformation can continue 





Figure 2.5 An idealised stress-strain curve illustrating the characteristics of deformation in the translational 
regime (redrawn from Petley and Allison, 1997) 
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2.1.4 Failure processes of slope movements  
 
Patterns of landslide movement provide an insight into the processes occurring in the basal 
deformation zone (Terzaghi, 1950; Petley et al., 2002). Slope movements can be classified 
into four stages of failure, namely pre-failure; post-failure; either occasional reactivation or 
active landslide (Leroueil et al., 1996) (Figure 2.6). Stage one includes both a pre-failure and 
a progressive failure state. Pre-failure occurs when the slope has developed strain 
throughout, but is essentially intact. Eventually, in a brittle material, the onset of failure is 
characterized by the formation of a continuous surface of rupture (e.g. a shear band) 
through the slope (Fell et al., 2000). This is true only of brittle failures.  However, ductile 
failures do not have shear surfaces. The post failure stages - stages two, three and four - 
include movement of the material in the landslide immediately after failure until it stops 
(Fell et al., 2000). Stages three and four (occasional reactivation and active landslides) refer 
to those bodies that have experienced failure and are still moving (Urciouli et al., 2007) and 
where the body slides along one or several pre-existing shear surfaces (Fell et al., 2000). 
These two stages can be termed ‘the reactivation stage’ (Fell et al., 2000). A reactivated 
landslide is one in which the shearing resistance on the failure surface is everywhere 
reduced to the residual strength (Skempton 1985; Brooker and Peck, 1993). This 
reactivation can be occasional or continuous with seasonal (or longer period) variations in 
the rate of movement (Fell et al., 2000).  
 
In the case of coastal landslides, reactivation of the landslide delivers further sediment to 
the toe of the cliff. The strength mobilized in reactivation is the residual strength and 
movements generally corresponding to the sliding of rigid blocks of material over a pre-
existing basal shear surface (Lee and Clark, 2002). As the residual strength belong 
approximately a lower boundary condition, the soil is not influenced by strain softening and 
behaves closely to that of rigid plastic or elastic-plastic material (Lee and Clark, 2002; 
Moore, 1991; Moore and Brunsden, 1996). Residual strength is, however, a dynamic 
property, with increases or decreases in strength occurring as a result of changes in 
environmental factors such as increasing pore water pressure (Moore, 1991; Moore and 
Brunsden, 1996). 














































Figure 2.6 Conceptual diagram of progressive landslide development and post-failures stages presenting by 
displacement and displacement rate (adapted from Varnes, 1983 and Leroueil, 1996) 
 
However, the mechanisms of a reactivated landslide are not completely clear. A 
reactiviated landslide is often associated with increases of pore water pressure (Picarelli 
and Viggiani, 1988) and the mobilized shear strength is closely related to the residual 
strength (Fenelli and Picarelli, 1986). In some cases, this can be related to morphodynamic 
position within landslide and the movement characteristics changes, as was the case in the 
Tessina landslide in Italy (Petley et al., 2005b). Seismic forces caused by an earthquake may 
also lead to reactivated landslides (or of course to first time failures) (D’Elia et al., 1986). 
With the fundamentals of landslide processes covered, the next section moves on to 
discuss existing techniques from which landslide dynamics are captured.  
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2.2 Landslide dynamics 
 
2.2.1 Capturing landslide dynamics 
 
Capturing of the dynamics of landslide-prone slopes can provide immediate notification of 
landslide activity, as well as high-quality datasets for understanding the initiation and 
movement of landslides. Monitoring of deformation of structures and ground surface 
displacements during landslides can be accomplished by using different types of systems 
and techniques. These techniques include remote sensing, and geotechnical or 
instrumentation for capturing the spatial and temporal patterns of landslide movements at 
both coarse and fine scales. 
 
For instance, several remote sensing techniques have been used for an improved 
understanding of landslide processes. Such techniques include both aerial/satellite and 
terrestrial options (e.g. Differential Global Positioning System (dGPS), aerial photo, InSAR 
and LiDAR). Both airborne LiDAR and Terrestrial Laser Scanning (TLS) have been particularly 
effective for quantifying change (e.g. Rosser et al., 2005; Quinn et al., 2009; Quinn et al., 
2010; Massey, 2010). However, InSAR and airborne LiDAR are costly and also take time to 
implement and repeat (Massey, 2010). Conversely, TLS or ground-based LiDAR surveys can 
be implemented more rapidly and provide a high accuracy mapping as well as the 
determination of surface changes over time via repeat measurements (e.g. Hobbs et al., 
2002; Poulton et al., 2006; Quinn, 2009).  
 
In the case of coastal landslides, vertical cliff faces are difficult to capture from above as 
they need to be viewed at an oblique angle. Whilst most research has focused on the 
recession rate or volumetric retreat, this study attempts to characterise change across the 
cliff face based on geomorphological cliff behaviour. This is related to a range of mass 
movement and soil erosion processes, which occur in a sequence of distinctive 
morphodynamic zones (Brunsden and Jones, 1980). Four zones, in descending order of 
elevation, are identified in Figure 2.7 and Table 2.3.  






Figure 2.1 Schematic cliff behaviour unit morphodynamic zones (I-IV) in soft-rock cliff: Zone I – cliff top: intact 
zone; Zone II – detached blocks: a steep landslide scar fronted by a talus slope which passes onto a sequence 
of detached blocks. Zone III – block disruption and transport: the detached blocks are transported downslope. 
Zone IV – deposition: marine influence (Redrawn from Brunsden and Jones, 1980) 
 
Table 2.3 A sequence of distinctive morphodynamic zones (Source from Brunsden and Jones, 1980) 
Morphodynamic zones Movement processes 
Zone I Cliff top This zone is largely unaffected by mass movement 
 
Zone II detached blocks This zone may comprise a steep landslide scar fronted by a 
talus slope which passes onto a sequence of detached 
blocks. These blocks often appear largely intact and may 
have been tilted forwards or backwards during their 
detachment from the cliff top. The scarp slopes can be 
prone to both surface erosion and seepage erosion 
 
Zone III block disruption and transport This zone is where the detached blocks are broken down by 
small-scale mass movement processes and surface erosion, 
and transported downslope 
 
Zone IV deposition This zone often comprises single or overlapping lobes of 
debris at the base of the cliff. It is common for marine 
erosion of the debris lobes to leave a lag deposit of coarse 
material and boulders on the foreshore 
 
Zone I Zone II Zone III Zone IV
Cliff top Detached blocks Block disruption and transport Deposition
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Nevertheless, the temporal resolution of the TLS approach is limited, making it difficult to 
link movement to the cause. Thus, geotechnical instrumentation continues to be used to 
provide insights into the dynamics of landslide movement and the nature of the hydrologic 
triggers. Instruments include extensometers, inclinometers, tensionmeters, piezometers 
and rain gauges. Such monitoring has been used extensively for rainfall-induced shallow 
landslides in particular (e.g. Allison and Brusden, 1990; Angeli et al., 2000; Corominas et al., 
2000; Lee and Clark, 2002; Picarelli, 2007; Petley et al., 2005b; Iverson 2005 and Reid et al., 
2008). Corominas et al. (2005) demonstrated that displacements observed in borehole 
wired extensometers have recorded an immediate response to rainfall episodes. However, 
Kasperski et al. (2010) however suggested that instrument monitoring cannot provide a full 
continuous spatial view of displacements. As such, the landslide process can be understood 
better by a combination of TLS, which can provide high-resolution monitoring for whole 
landslide areas, and geotechnical instrument monitoring, which can characterise the 
dynamic behaviour and hydrologic conditions triggering at high temporal resolutions.  This 
research attempts to improve the understanding of landslide activities and their processes 
by linking the different scales of the spatial and temporal patterns of landslide movements.  
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2.2.2 Landslide movement patterns 
 
The techniques described above can be used to determine the patterns of landslide 
movement, based on velocities and displacements (e.g. Van Asch, 1984; Allison and 
Brunsden, 1990; Petley et al., 2005b; Massey et al., 2013). For example, Van Asch (1984) 
identified displacement of landslide blocks of clay material in the French Alps using 
Inclinometer measurements. He suggested that before initial slope failure, movement can 
be very slow as creep processes dominate. The creep movements are probably an outward 
sign of the development of progressive failure within the slope above the eventual slip 
surface (Saito, 1965; Skempton and Hutchinson, 1969). 
 
A different movement pattern, as ductile deformation proposed by Allison and Brunsden 
(1990) separated mudslide movement patterns on the Isle of Purbeck into four 
components: 1) small ‘stick slip’ movements; 2) gradual or graded slip; 3) rapid ‘surges’ and 
4) unexplained ‘random movements’. The four post failure movement types are related to 
a characteristic pattern of groundwater fluctuation (Table 2.4 and Figure 2.8). However, 
these patterns are limited by the relatively low spatial coverage of the instruments (Petley 
et al., 2005b).  
 
On the other hand, Petley et al., (2005b) identified four patterns of landslide movement 
(which they termed Types I, II, III and IV) in Tertiary Flysch deposits, on the Tessina landslide 
in Italy by linking movement patterns with the landside process and geomorphological 
setting(Table 2.5 and Figure 2.9). According to the classifications of both Allison and 
Brunsden (1990) and Petley (2005b) a transition behaviour, which is attributed to the 
seasonal fluctuations of pore water pressure, can be identified. For instance, landslide 
movement patterns may develop from ‘stick slip’ to ‘graded’ and then ‘surge’ (Allison and 
Brunsden, 1990) or from Type I to Type IV (Petley, 2005b).  
 
Recently, Massey et al. (2013) proposed three main types of movements for the Utiku 
landslide, New Zealand using horizontal cGPS time-series data, namely: ‘faster motion’ 
‘slower motion’ and ‘cyclic motion’ (Figure 2.10). The Utiku landslide comprise a large-scale 
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translational mass movement in weakly consolidated Neogene materials (i.e. silt, fine 
sandstones and sady siltstone). All motions can be classified as slow in the Cruden and 
Varnes (1996) classification. All these studies suggest that comparatively fast motions 
occurred in short periods of a few days to a few weeks, whereas the slower motions last 
many months to years and cyclic motions and typically display a seasonal cycle.  
 
As mentioned above, the movement patterns of reactivated landslides are typically 
controlled by hydrological triggers, with an increase of pore water pressure leading to 
landslide reactivation. However, complex landslides respond to groundwater conditions, 
probably controlled by the landslide material and geomorphology. However, at present 
these are poorly understood. 
Chapter 2 Literature review 
-23- 
 
Table 2. 4 Patterns of mudslide movement in relation to pore water pressure, in the Wealden Beds of the Isle 
of Purbeck, Dorset (extracted from Allison and Brunsden, 1990 and modified by Ng, 2007) 
Movement type Displacement characteristics Related pore water pressures (PWP) 
1) Stick slip Small individual spatial movement < 1 
cm, relatively slow or gradual rises. Total 
displacement up to 8 cm 
Slowly rising PWP 
Separated by varying time interval with 
zero displacement 
Slowly declining PWP 
2) Graded slip Larger gradual spatial movements over 
proportionally shorter time periods with 
maximum downslope movement of 35 
cm over 17 hrs 
Gradual rise in PWP at the start of 
movement and a more rapid increase by 
0.3-0.4 in 2 hrs.  
3) Surge Large spatial displacements of 3 m over 
short time periods of approximately 20 
minutes 
Highest rate of increasing in PWP of 1.5 
m in less than 10 minutes 
4) Random Small, irregular slip through space and 
time 
Related to other factors, such as internal 
deformation with mudslide, effects of 
plasticity, seasonal cycles and 
gravitational forces 
 
Table 2.5 Patterns of landslide movement in relation to pore water pressures for the Tessina landslide, Italy 
(extracted from Petley et al., 2005b and modified Ng, 2007) 
Movement type Displacement characteristics 
Related pore water pressures 
(PWP) 
1) Type I Very slow movements at less than 1 
mm/day; consist of slow creep 
Increase in velocity associated with 
wetter wintter months 
2) Type II Low velocity movements 2-3 
mm/day 
Gradual rise in PWP 
Typical block movements; highly 
variable movement rate 
Faster movements occur during 
months with high groundwater 
levels 
3) Type III Movement rates at 10 mm/day; 
creep occurs at similar, continuous 
rates 
Relatively small seasonal 
fluctuations 
4) Type IV Episodic, very rapid movements. 
Movements initiated rapidly and 
terminates abruptly, but static in 
between movement events 
Periods of reactivation associated 
with wetter winter months when 
PWP are seasonally high 
Peak rates more than 1-2 m/day   
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a) Multiple (stick slip) movement 
 
b) Gradual or graded slip 
 
c) Rapid ‘surge’ movement 
 
Figure 2. 2 Landslide displacement patterns (Redrawn from  Allison and Brunsden, 1990) 
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Figure 2.3 Schematic representation of the movement types in Tessina landslide, Italy (redrawn from Petley et 
al., 2005b) 
 
Figure 2.4 Daily filtered cumulative horizontal displacement of cGPs station located on the Utiku landslide, 
plotted along their main displacement bearings: FD-fast displacement periods, SD-slow displacement periods. 
Note: the cumulative displacement cGPS time all originate at zero and have been offset from zero for 
presentation purpose (redrawn from Massey et al., 2013). 
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2.2.3 The relationship between displacement rate and groundwater level (pore 
water pressure) 
 
The movement patterns illustrated in Figure 2.11 show complex relationships between 
displacement rate and groundwater (pore water pressure) conditions. Several studies have 
found that there is a hysteresis relationship between these factors (see for example, Bertini 
et al., 1986; Corominas et al., 2005; Gonzalez et al., 2008; Matsuura et al., 2008; Van Asch 
et al., 2007 and Massey et al., 2013) (Figure 2.11).  Examples include: 
 
 Bertini et al. (1986), who examined the movement of the Fosso san Martino landslide 
in Central Italy, which consists of a narrow stratum of weathered bedrock overlaid by 
a clayey silt colluvium cover. They suggest different velocities for the rising and 
lowering limb of the piezometer levels (Figure 2.11: e).  
 
 Corominas et al. (2005) and Gonzalez et al. (2008), who studied the Vallcebre 
landslide complex in the Eastern Pyrenees, Spain, which comprises of a set of shale, 
gypsum and claystone. They suggest the role of the viscous component as an 
explanation to the hysteresis relationship of movement patterns, and the 
‘reversible behaviour’ of velocities, assuming that velocities in the rising limb are 
lesser than velocities in the lowering limb (Figure 2.11: d).  
 
 Matsuura et al. (2008), who also found a similar pattern of hysteresis based on the 
Tertiary materials, Japan (i.e. soft clay, silt and rough fragments of broken stone) 
(Figure 2.11: c1, c2). One type of the hysteresis curve bulged upward when pore 
water pressure rose sharply and the displacement response was delayed. On the 
other hand, when pore pressure dropped sharply, displacement rate decreased 
gradually.  
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 Conversely, Van Asch et al. (2007), who described a hysteresis relationship for the 
La Valette landslide in the French Alps, which consists of marl and argillaceous 
morainic materials, The research showed that during rising limbs of groundwater 
the material seems to have lower intrinsic viscosities and a lower dependency on 
excess shear stress than during falling limbs(Figure 2.11: b). Van Asch et al. (2007) 
also suggest that during movement excess pore pressure, both positive and 
negative, may develop due to compression and extension, and that this may result 
in viscosity before they dissipate (e.g. Iverson, 1985; Angeli et al., 1996; Corominas 
et al., 2005). 
 
 Massey et al. (2013), who (found a similar pattern of hysteresis on the Utiku 
landslide, New Zealand Figure 2.11: a), which slides on thin clay layers within a 
mudstone, observing an initial rapid increase in displacement rate to peak values as 
pore water pressure increased. However, even as post-peak displacement rates 
decreased, pore water pressure either remained constant, or in some cases actually 
increased. Massey et al., (2013) suggested that this could be explained by rate-
induced changes in shear strength of the slip surface (i.e. a dynamic rather than 
static frictional resistance), caused by a rearrangement of the clay particle bonds 
during shearing. 
 
To summarise, two hysteresis patterns in the relationship between groundwater and 
landslide velocity have been observed (Table 2.6). Most clay matrix materials show a 
“clockwise” hysteresis relationship (i.e. Van Asch et al., 2007 and Massey et al., 2013), 
whilst the “anti-clockwise” pattern is observed in brittle materials (i.e. Bertini et al., 1986; 
Corominas et al., 2005; Gonzalez et al., 2008; Matsuura et al., 2008). This implies that the 
relationship between these factors is related to the deformation characteristics of the 
materials.  
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Table 2.6 A summary of relationships between landslide displacement and groundwater/pore water pressure 
in different landslides  
Hysteresis 
patterns 








a) The translational  Utiku 
landslide, New Zealand 
 
Clay layers within the Taihape mudstone  Massey et al., 2013 
 
b) The La Valette landslide 
complex in the French Alps 
(Middle part- a translational 
slide)  
Strongly remoulded Terres Noires mixed with 
morainic deposits. The matrix is a sandy silt 
with a considerable clay fraction in which 
larger fragment (stone, gravel) are 
incorporated 
 












c) The Fosso San Martino 
landslide, Central Italy 
A narrow stratum of  weathered bedrock 
overlaid by a clayey silt colluvial cover in 
which the sliding mass moves essentially as a 
rigid body 
 




d) The translational Vallcebre 
landslide in the Eastern 
Pyrenees, Spain 
A set of shale, gypsum and claystone Corominas et al., 
2005; Gonzalez et 
al., 2008  
 
e) The reactive landslide for 
debris at the coast of Japan  
The Tertiary material (i.e. soft clay, silt and 
rough fragments of broken stone). The 
general properties of these rocks make them 
prone to clay formation by hydration and 
weathering due to weak cementation.  
Matsuura et al., 
2008 
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2.3 Material properties and mechanisms of landslide movement 
 
2.3.1 Engineering properties of tills 
 
Factors of relevance to glacial till slope stability include the depth to and the dip of 
rockhead, the presence of ancient failure surfaces and the presence or otherwise of 
associated glacial properties (Trenter, 1999). Previous studies suggest that landslides in 
glacial till are typically complex (32% frequency), debris flow (28%), planar (26%), rotational 
(8%) and multiple-rotational landslides (4%) (Trenter, 1999). 
 
The glacial till of North-east England is considered to have been formed during the late 
Devensian age of the Quaternary period (Bell and Forster, 1991, Clarke et al., 1998, Bell, 
2002 and Catt, 2007). The tills at Upgang cliff can be referred to as the Hessel till, the 
Withernsea till (the Upper section of the cliff) and the Skipsea till (the lower section of the 
cliff). Clarke et al.(1998) suggested that the upper till is  a weathered unit (Upper till/unit 1). 
The position of the Hessle till on the plasticity chart also suggests that it is weathered 
material (Bell, 2002). The physical properties and direct shear test results are summarised 
in Table 2.7 (Bell and Forster, 1991; Bell, 2002). Bell (2002) found that most samples of 
Hessle till produced barrel-shaped failures, suggesting the materials are not predominantly 
cohesive. Moreover, this material has a greater range in strength than that of the Skipsea 
or Withernsea till because the Hessle till is the weathered derivative of these two tills 
(Table 2.7).  Higher angles of friction are found in the Skipsea till, probably due to the large 
proportions of sand-silt. 
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Table 2.7 Classification data of glacial tills. Note: natural moisture content (MC), plastic limit (PL), liquid limit 
(LL), plasticity index (PI), liquidity index (LI), consistency index (CI), and activity (A). Note: Liquid limit L = low 
plasticity, less than 35%; I = intermediate plasticity, 35-50%; H = high plasticity, 50-70% (Anon,1999). 
Consistency index: VS = very stiff, above 1; S = stiff, 0.75-1; F = firm 0.5-0.75. Activity: I inactive, less than 0.75; 
N = normal, 0.75-1.25; A = active, over 1.25: c: cohesion in kPa from Direct shear; ɸ: angle of friction from 
Direct shear testing (source from Bell and Forster, 1991 and Bell, 2002) 
Tills MC% PL% LL% PI% LI CI A c ɸ° 
Hessel Till (Dimlington, Hornesea)                   
Max 26.6 26 53 (H) 32.0 0.072 1.147 (VS) 2.10 (A) 30 25 
Min 18.5 20 38 (I) 17.0 -0.019 0.794  (S) 0.96 (N) 16 16 
Mean 22.6 22 47 (I) 25.0 0.044 0.972 (S) 1.24 (N) 20 24 
Withernsea Till (Dimlington)           
Max 19.3 21 39 (I) 20.0 -0.276 1.016 (VS) 1.21 (N) 38 30 
Min 12.3 15 22 (L) 12.0 -0.095 0.828 (S) 0.72 (I) 21 20 
Mean 16.9 18 34(L) 17.0 -0.164 0.986 (S) 0.93 (N) 36 24 
Skipsea Till (Dimlington)           
Max 18.2 19 36(I) 18.0 -0.294 1.288 (VS) 0.67 (I) 45 38 
Min 13.5 14 20(L) 9.0 -0.044 0.978 (S) 0.51 (I) 25 20 
Mean 15.5 16 30(L) 14.0 -0.188 1.108 (VS) 0.56 (I) 27 26 
Basement Till (Dimlongton)           
Max 20.4 23 42(I) 22.0 -0.158 1.081 (VS) 0.59 (I) 47 34 
Min 15.6 16 28(L) 12.0 -0.032 0.984 (S) 0.53 (I) 23 20 
Mean 17.0 20 36(I) 19.0 -0.127 1.009 (VS) 0.55 (I) 29 24 
 
With regards to the shear strength parameters of the glacial till (c and ø), these factors are 
derived from conventional direct shear tests. However, these methods do not replicate the 
stress condition in the natural slope, as most landslide failures occur as a result of 
increasing pore pressures acting within the slope. As such, conventional geotechnical 
methods may not be suitable to define the true failure envelope in a slope. Thus, the pore 
water reinflation testing can be used to overcome this deficiency. This will be discussed in 
more details in section 2.3.2.  
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2.3.2 Pore pressure reinflation testing 
 
Pore pressure reinflation (PPR) testing is helpful to gain a better understanding of the 
underlying mechanisms of landslides by simulating the field stress conditions. The 
simulated failure processes caused by increasing pore pressures were initially identified by 
Bishop and Henkel (1962) and later progressed by Brand (1981) with the development of 
the field stress path concept (Figure 2.12). The key concept is increasing pore water 
pressure at a constant total normal stress and constant shear stress. This testing procedure 
is able to replicate the most realistic field conditions for most rainfall- and groundwater-
induced landslides (Carey, 2011). Several studies have adopted this general testing concept 
(e.g. Anderson and Sitar, 1995; Zhu and Anderson, 1998; Dai et al., 1999; Petley et al., 2002; 




















Figure 2.6 Conceptual diagram of field stress path (FSP), compared with consolidated undrained (CU) and 
consolidated drained (CD) stress paths (after Brand, 1981; Ng, 2007) 
 
Petley et al. (2002) advanced the understanding of progressive landslide failure in cohesive 
material using conventional isotropic consolidation and undrained shear tests.  Their key 
concept is to consolidate a sample isotropically and then subject it to undrained shear until 
a predetermined proportion of its peak deviatoric stress. At this point the deviatoric stress 
is held constant and the effective stress is reduced through pore water pressure inflation 
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until the sample fails. As a consequence, two distinct patterns of movement styles are 
plotted in 1/v (Δ) - t space (Table 2.8). The first style has a linear trend in a plot of Δ-t space. 
The linear trend represents brittle failure and the development of a singular shear surface. 
The second style has an asymptotic trend in a plot of Δ-t space associated with ductile or 
sliding on an existing surface (Petley et al., 2002; Kilburn and Petley, 2003). The asymptotic 
trend is associated with slow or continual movements, known as creep, as is evident during 
accelerating phases for rainfall-induced landslides (Petley et al., 2002). In real slopes the 
accelerated processes may continue for a few days or longer, which can be individual or a 
repeating period of acceleration punctuated by periods of inactivity (Massey, 2010; Massey 
et al., 2013). Examples of reactivated slides are characterised by an asymptotic trend in Δ-t 
space as shown in Figure 2.13. 
 
In this research, PPR testing has been used by adapting the process of simulating to the 
conditions within a hydrologically-triggered landslide.  Constant shear stresses, which are 
based on 80% of shear strength (Petley et al., 2005a) have been applied using variable 
effective normal stresses with a combination of a range of pore water pressure inflation 
rates. The various rates of increasing pore water pressure will be designed by reference to 
the field monitoring data in order to simulate field stress conditions. Consequently, the 
result of the reinflation testing can be used to explain the underlying mechanisms of 
progressive landslide failures on pre-existing slip surfaces.  
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Table 2. 8 Summary of the Δ-t analyses and their implications on landslide behaviour (source: Ng, 2007) 
Landslide movement patterns Type I Type II 
Landslide acceleration behaviour Linear trend Asymptotic trend 
(1/velocity against time) 
    
  
Bulk movement accelerates 
linearly with time 
Bulk movement accelerates 
exponentially with time 
Dominant basal deformation 
process 
 
 Crack propagation/growth 
 New cracks join together 
(micro-cracking process) 
 Development of discrete 
shear/rupture surface 
 Shear surface generation 
 
 Brittle failure mechanisms 
 Crack nucleation 
 New cracks remain isolated 
 
 Sliding on existing planes of 
weakness 
 Reactivation of existing landslide 
systems 





 Commonly occurs in bonded or 
cemented material at relatively 
low confining pressure 
 Ductile/plastic/non-brittle 
 Shown by materials with little or 




 First-time failure 
 Catastrophic 
 
 Sudden and rapid displacement 
 Landslide reactivation 
 Non catastrophic/not intrinsically 
dangerous 
































Figure 2.7 Examples of reactivated landslides presented by an asymptotic trends in term of Δ-t space: a) 
Failure of Giau Pass landslide in Italy (Angeli et al., 1989); b) Abbotsford landslide, New Zealand (Salt, 1985); c) 
Tessina landslide, Italy (Consiglio N Consiglio Nazionale delle Richerche, 2001); d) Cleveland Corral landslide in 


































































Chapter 2 Literature review 
-36- 
 














Increasing pore fluid between soil particles
(under constant shear stress)
2.3.3 Dilative behaviour 
 
Dilative behaviour can be observed in most reinflation tests (e.g. Dai et al., 1999; Gabet and 
Mudd, 2006; Ng, 2007). The key mechanism of dilation involves the rearrangement of soil 
particles (Terzaghi et al., 1996; Craig, 2004). For instance, Ng (2007) and Ng and 
Petley(2009) used a range of pore water pressure inflation rates in linear, stepped and 
logarithmic forms on weathered volcanic slopes on Lantau Island, Hong Kong.  The result of 
these tests has been used to develop an understanding of the inter-particle movements 
within the samples in shallow plastic landslides.  The dilative behaviour has been defined as 
three stages in terms of void ratio and mean effective stress relationship (Figure 2.14). The 
Type 1 to Type 3 patterns of dilative behaviour during the increasing pore water pressure 
suggest three different inter-particle movements occurring within the soil samples, 
characterised as “push and climb”, “localised slide” and “generalised slide” respectively 
(Figure 2.14). The transition from Type 1 to Type 3 is likely to be associated with the 
increasing volume of pore fluid that reduces the contacts between soil particles facilitated 





















Figure 2.8 Explanation of dilative e-p’ relationship in terms of inter-particle movement within the soil samples 
during reinflation test: Type 1 (push and climb), Type 2 (localised slide) and Type 3 (generalised slide) 
(redrawn from Ng, 2007) 
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Type 1 ‘push and climb’ appears to have been mainly due to the increased amounts of pore 
fluid in the sample rather than shear deformation. However, relative inter-particle 
movements are limited due to strong interlocking with the other particles under high mean 
effective stress (Figure 2.14: type 1). 
 
Type 2 ‘localised slide’ – particles begin to slide past each other in the direction of shear. 
The movements are still being restricted and blocked by the interlocked particles. The 
dilatant contributed by shear deformation becomes increasingly dominant over volumetric 
deformation (Figure 2.14: type 2). 
 
Type 3 ‘generalised slip’ represents failure as the highly non-linear pattern is possibly 
related to plastic strain.  Most particles are aligned and more free to slide pass each other. 
The sliding may also propagate due to stress transfer between particles. The dilatant 
behaviour is mainly controlled by shear deformation (Figure 2.14: type 3). Moreover, Ng 
(2007) suggests that the dilatant behaviours are likely to be associated with permeability 
due to the increasing volume of pore fluid. 
 
In unsaturated soil, permeability can be controlled by precipitation and the water retention 
capacity of the soil (Selby, 1993). In terms of the permeability of clay tills, permeability is 
considered to be controlled by the macro-structure of the clay, rather than by the micro-
structure, and the majority of the water migrates through the inter-clod spaces rather than 
through the denser or harder clods themselves (Figure 2.15). With further compaction and 
with increasing water content, the clods are broken down and remoulded, producing a 
more uniform but less permeable clay soil (Elsbury et al., 1990; Benson et al, 1999; Murray 
et al., 1992 and Wright et al. 1996). Hossain (1996) explored the permeability of 
undisturbed fissured west central Scotland tills using fixed-wall Rowe cells and flexible-wall 
Triaxial cells. He suggested that permeability is strongly dependent upon effective stress 
(Figure 2.16). 




Figure 2.9 Influence of soil clods on permeability of compact clay. Note: arrows indicate direction of permeant 
flow (redrawn from Elsbury et al., 1990)  
 
Figure 2.10 Plots of variation of permeability against effective stress for fissured Scottish till: a) Rowe cell tests; 
b) Triaxial cell tests (sourced from Hossain, 1996). 
Remoulded clods
Unbonded clods
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2.3.4 Creep deformation  
 
In geotechnical terminology, pre-failure deformation mechanisms are usually referred to as 
creep, which is a continual deformation under sustained load (Varnes, 1983). The process 
of creep has been defined as occurring in three states (Figure 2.17). Primary creep occurs 
immediately after an increase in stress and is characterised by a decreasing strain rate. The 
secondary creep phase consists of deformation at a constant strain rate. The tertiary creep 
phase shows an accelerating strain rate, generally leading to creep rupture or failure (Fell 
et al., 2002). Varnes (1982) and others have taken note of the short periods of secondary 
creep, and the possibility that it is due to the concurrent processes of primary and tertiary 
creep. Moreover, the secondary creep behaviour is similar to plastic deformation, in which 
plastic strain increases at a constant rate after reaching the yield stress when the stress is 
constant (Summerfield, 1991). The fundamental differences and similarities between 
plastic and creep deformation on the basis of time under constant stress state are shown in 
Figure 2.18. These three stages of creep are for pre-failure and progressive failure and their 
mechanisms can be explained by brittle (stage 1) and plastic deformation (stage 2) and 
Tertiary creep to rupture (stage 3) is brittle.  
 
However, the post-failure creep behaviour, which involves small renewals of failure on a 
pre-existing slip surface, is still unclear. Creep in this case is defined as a steady movement 
of the soil mass under in the direction of low shear stresses (Van Asch, 1984). According to 
Sidle and Ochiai (2006), creep is caused by slow viscoplastic deformation of the rock and 
soil. In a few cases, creep has been thoroughly monitored because large changes in stress 
occurred within a slope. The deformation of slope progresses slowly by changes in 
groundwater levels and weathering processes (Shimokawa, 1980; Jungerius and De Jong, 
1989; Moeyersons, 1989).  
 
Chapter 2 Literature review 
-40- 
 

































































When stress level exceeds yield
When stress is constant after yield stress
 
Figure 2.11 Diagrammatic representation of creep behaviours for pre-failure and progressive stages including 




Figure 2.12 Plastic deformation at constant stress (after Summerfield; Ng, 2007) 
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2.4 Chapter summary 
 
This chapter has reviewed the literature on landslides based on three themes:  the 
fundamentals of landslide processes; landslide dynamics; and material property and 
mechanisms of landside. The literature review has identified the current gaps in landslide 
studies including: 
 
1. Understanding of landslide morphology: most studies have used remote sensing 
techniques to investigate a coastal landslide. However, the temporal resolutions of 
such techniques are limited, making it difficult to link movement to the cause. 
Alternatively, geotechnical instrument based monitoring has been used to provide 
insights into the dynamics of landslide movements and hydrologic triggers to detect 
landslide activity. This research attempts to improve the understanding of landslide 
activities and their processes by linking the different scales of the spatial and 
temporal patterns of landslide movements.  
2. Post-failure creep involves small renewals of failure on a pre-existing slip surface. 
Only two stages of post failure are mentioned – ‘occasional reactivation’ and ‘active 
landslide’. However, these two patterns are insufficient to understand the landslide 
movement patterns during post failure creep.  
3. A reactivated landslide is often associated with an increase of pore water pressure 
and the mobilized shear strength is closely related to the residual strength. However, 
the mechanisms of a reactivated landslide are not completely clear. 
4. The relationship between pore pressure (groundwater) and landslide displacement 
rate is complicated by the complex landslide hydrogeology, particularly material 
property. The understanding of the hysteresis relationship between these two 






This  chapter describes  the  field  site  and methods used  in  this  study.  This background  is 
later  combined with  field data  and  laboratory data  to understand  landslide mechanisms 
and  their  processes.  Terrestrial  laser  scanning  (TLS),  the  in‐situ  instrumentation  and 






I. Representativeness  ‐   the study site should represent  the characteristics of a small and 
shallow  reactivated  landslides  complex  under  coastal  environments,  which  is  typically 
triggered by precipitation and marine activity  (e.g. Clark et al., 1991; Quinn et al., 2009; 
Quinn et al., 2010; Brown et al., 2012).  In particular,  this  research  focused on  the upper 






III. Accessibility  ‐ the selected  landslides had to be accessible  in consideration of safety of 





























































The climate at Whitby  is Cfb  in the Koeppen‐Geiger classification, and  is characterised by 
warm summers (June ‐ August) with the warmest month lower than 22°C and four or more 




































































The site  is prone to  landslides distributed across the cliff slope with a variety of  landslide 
types  such as  rotational/translational  slides, mudslides/mudflows, blockfalls,  topples  and 
gullies, as can be seen  in Figure 3.3. This activity has been observed by Clark  (1991) who 
suggests  that  the  slope  material,  composed  of  glacial  deposited  tills,  is  vulnerable  to 
deformation by  triggering  factors  including precipitation,  groundwater  and undercutting. 






discontinuous  layers of sand, gravel and  lacustrine clays  (Clark et al., 1991; 2008).  In  this 
study,  the cliff was separated  into  three sections namely,  ‘upper’,  ‘middle’ and  ‘lower’  in 
order  to  link  the characteristics of  landslides  to  the  local geology  (Figure 3.4). The upper 
section of the cliff consists of weathered mottled orange / brown / grey upper till overlying 
a reddish brown matrix‐supported till. More specifically, the upper section is composed of 
two  layers of  lithology namely weathered  till or Unit 1  in  the classification of Clark et al. 
(2008), which contributes to highly active shallow landslides, and Withernsea or LFA4 in the 
classification of Roberts et al.  (2012) or Unit 2  in  the  classification of Clark et al.  (2008), 
which exhibits stepped morphology with  layers of  landslide material  from  the weathered 
till  layer  resting on  top. The middle section of  the cliff  is steep slope with  laminated  fine 
clay and sand, silts, sand and gravel layers. The fluvio‐glacial sand layer can be referred to 
LFA3  in  the  classification  of  Roberts  et  al.  (2012).  The  lower  section  consists  of  brown 
matrix supported till and can be referred to as Skipsea till or LFA2, which overlies grey clast 
supported till. The grey clast supported till can be referred to as Basement till or LFA1 or 
Unit 3  in  the  classification of Clark et  al.  (2008), which  is  subhorizontally bedded  Liassic 
shale, occasionally exhibiting folding. The  lower section also shows a stepped profile with 
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data  capture  is  summarised  in  Table  3.2.  A  combination  of  in‐situ  instrumentation, 






detailed  characteristics,  in  particular  high  temporal  and  spatial  resolution monitoring  of 
slope movement and hydrological factors (e.g. Van Asch, 1984; Allison and Brunsden, 1990; 
Petley  et  al.,  2005b;  Massey  et  al.,  2013).  Conversely,  laboratory  tests  can  be  used  to 
explore  the  physical  properties  and  shear  strength  parameters  of  the  slope  materials 
(again – examples, or references). These methods, and subsequently the data collected, are 









VBW3,  VBW4  and  VBW5),  string  extensometers  (S1,  S2,  S3,  S4  and  S5),  tipping  bucket  rain  gauge  and  the  laser  scanner  (TLS)  (Trimble  and  RIEGL  VZ1000). 
Monitoring frequnecy: TLS – monthly; continous in‐situ monitoring at 15 minutes intervals; and monthly site visits. Note: * the main site; ** broken instrument; No 
data‐ no displacement data for two and half months. 
Instruments  Location  2010  2011  2012 
4  5  6  7  8  9  10  11  12  1  2  3  4  5  6  7  8  9  10  11  12  1  2  3  4  5  6  7  8  9  10  11  12 
*1. PZU (52444)  Upper part of the cliff                                                                                                    
2. PZM (51025)**  Middle part of the cliff                                                                                            
3.PZL (49869)  Lower part of the cliff                                                                                              
*4. VBW1 (505) **  Upper part of the cliff                                                                                 
5. VBW 2 (503)**  Upper part of the cliff                                                                         
6. VBW3 (501)**  Upper part of the cliff                                                                         
7. VBW4 (500)**  Middle part of the cliff                                                                          
8. VBW 5(499)**  Lower part of the cliff                                                                          
9. S1 (L1)  Upper part of the cliff                                                                            
10. S2 (L2)  Upper part of the cliff                                                                            
11. S3 (L3)  Upper part of the cliff                                                                    
*12. S4 (L4)  Upper part of the cliff                                                                            
13. S5 (L5)  Lower part of the cliff                                                                        
14. A tipping‐bucket rain gauge  Upper part of the cliff                                                                                       
15. TLS ‐ Trimble   Whole cliff                                                                                  








Sequentially measuring  slope morphology  is necessary  to  in order  to  gain  a quantitative 
record of change  in the cliff  face to develop an understanding of coastal erosion and the 
quantification of whole‐slope movements. A  literature review suggested that a number of 
methods  have  been  used  previously  for  monitoring  coastal  change  including  both 
aerial/satellite  and  terrestrial  techniques  (e.g.  digital  photogrammetry,  dGPS,  aerial 
photographs,  InSAR,  and  LiDAR). However,  aerial  data  usually  has  lower  resolution,  are 
more expensive, are intended for use over large areas and are less effective on steep slopes 
due  to  line‐of‐sight  occlusion.  Therefore  terrestrial  data  capture  is  considered  more 
appropriate  for a study of  this nature. Many studies have  illustrated  the ability of TLS  to 
monitor coastal erosion (e.g. Lim et al., 2005; Rosser et al., 2005; 2007) and soft‐rock cliff 
recession  (e.g. Hobbs et al., 2002; 2008; Quinn et al., 2008; and, Quinn, 2009). However, 
TLS  has  shown  to  produce  both  temporal  and  spatial  resolutions  that  are  useful  for 
examining landslide processes. dGPS provides accurate results in point data format, but as 


















are  recorded  in a  coordinate  system  relative  to  the  scanner,  termed SOCS. Alignment of 
multiple scans of the same date into relative coordinates transforms the data in the project 
coordinate system  (PRCS). Multiple scans were aligned using  firstly  ’coarse registration’ – 
based  upon  manual  identification  of  common  features  in  adjacent  scans,  and  then 
multistation adjustment  (MSA)  to  improve accuracy based on a modified  iterative closest 
point  algorithm  which  typically  achieved  <  0.02  m  separation  of  neighbouring  and 
sequential scans. A global coordinate system (GLCS) was not utilised  in this study because 
there  was  only  one  study  site  and  its  scale  was  small  and  transformation  into  OSGB 






face, enabling  a monthly 3D  surface of  the  cliff  to be produced. Data  capture using  the 
Trimble was  limited due to the rising tides (e.g. a station on the beach was needed for 45 
minutes  in  order  to  complete  one  scan).  The more  efficient  RIEGL VZ1000  scanner was 
deployed each month since December 2011 (Figure 3.5 b). For this research, Trimble data 
was used to provide a guide for  instrument  installation. Only the data form RIEGL VZ1000 



































The TLS data was  collected monthly by  scanning  from  three  stations on  the beach. Each 
station was approximately 100 m from the toe of the cliff and 80 m apart from each other 








processing.  RiSCANPro  is  initially  used  for  reducing  the  scan  data  size  (decimation), 
removing  any  spurious  points  resulting  from  vegetation,  registering  to  the  project 
coordinate system and surface comparison (Step 1).  
 
In  detail,  firstly,  the  point  clouds  collected  in  each month were manipulated  by  using  a 
point  filter.  A  single  step  point  filter  randomly  decimates  the  point  cloud  to  half  of  its 
original  size.  In  this  study, 5 point  filter  steps were used. Vegetation  in each point cloud 
data was  removed by using an amplitude gate or  reflection  intensity  threshold, whereby 







































detected within  the point cloud, and  reduced  to a single point and a polar vector. These 
points  and  poles  Are  then  used  as  the  basis  for  the  alignment  using  a  modified  ICP 
algorithm  (iterative  closest  point  algorithm).  In  the  final  step,  all  data  sets  (11 months) 










change  between  each  sequential  laser  scan  epoch.  For  each  data  point  in  scan  n  the 
distance (difference)  is calculated normal to a base plane (e.g. xy) to the nearest point on 
the next  scan  (n  +  1)The  surface  comparison  for  each  survey  epoch was based on both 
monthly  and  cumulative  changes.  For  monthly  change,  data  was  compared  with  the 
preceding month.  For  cumulative  change, each was  compared  to  the  initial  first  scan or 
reference month  (December  2011).  Following  completion  of  the  surface  comparison  for 
each month,  the minimum, mean and maximum differences were recorded and statistics 








surfaces  generated.  The  reflectance  of  the  TLS  signal  return  is  determined  by  surface 
characteristics, which include surface colour, wetness, roughness, and mineral composition, 
in  addition  to  the  atmospheric  influence  on  ambient  light  conditions  (Lim,  2006; 
Sturzenegger et al., 2007; Hodge et al., 2009). Errors can be caused when processing  the 



































be achieved, so  that periods of  landslide movement could be  linked  to  triggering  factors. 
The  monitoring  network  system  comprised  equipment  to  monitor  landslide  movement, 
rainfall, groundwater and barometric pressure (Figures 3.9). Initially, three boreholes were 
installed  at  the upper, middle  and  lower  sections of  the  cliff.  Shallow piezometers were 
installed  in these boreholes, named PZU, PZM and PZL. Five vibrating‐wire extensometers 
were installed along the cliff, named VBW1, VBW2, VBW3, VBW4 and VBW5. However, the 
vibrating‐wire extensometers were  replaced one  year  into  the monitoring period due  to 
the  limited  displacement  range  of  the  equipment  (<  0.05  m).  The  compact  string 
poteniometer extensometers  (SP2‐50) were  installed  instead  (i.e.  S1,  S2,  S3,  S4  and  S5). 






the  only  equipment  that  recorded  movement  continuously  throughout  the  monitoring 
period. The recently reactivated landslide, which was located at the East side of the upper 
section of  the  cliff was  considered  (i.e East  side of  the  study  site at VBW1 and  S4). The 





















PZU (52444)  34  6.5  ‐  ±0.0325 m   
PZM (51025)  23  4.5  ‐  ±0.0325 m   
PZL (49869)  13.2  4.5  ‐  ±0.0325 m   
VBW1 (505)  30    4  0.001 mm/record  Single channel VW –DT1973 
VBW2 (503)  33  ‐  4  0.001 mm/record  Single channel VW –DT1973 
VBW3 (501)  33  ‐  4  0.001 mm/record  Single channel VW –DT1973 
VBW4 (500)  24  ‐  4  0.001 mm/record  Single channel VW –DT1973 
VBW5 (499)  17.1  ‐  4  0.001 mm/record  Single channel VW –DT1973 
S1 (L1)  33  ‐  4  0.3 mm/record  HOBO U12‐4 external channel  
S2 (L2)  33  ‐  4  0.3 mm/record  HOBO U12‐4 external channel 
S3 (L3)  30  ‐  4  0.3 mm/record  HOBO U12‐4 external channel 
S4 (L4)  30  ‐  4  0.3 mm/record  HOBO U12‐4 external channel 


















The data were  filtered  to  remove  ‘noise’  caused by  environmental disturbances  such  as 
diurnal  temperature  variations  and wind  load on  the extension  cables, using  time  series 






It  should be noted  that  choice of equipment  is of  significant  importance  in  investigating 
landslide movements. The vibrating wire extensometer is very useful for detecting small (< 
mm)  very  slow movements. However,  it has a  limitation as  the wire  can only extend by 
around 5 cm prior  to  reset, and  the measurements are highly sensitive  to  ‘noise’ On  the 
other  hand,  the  string  extensometer  is  suitable  for  recording  larger  magnitudes  of 








































































Each  response  zone  was  sealed  using  bentonite  clay.  Typically  these  response  zones 
corresponded to the assumed  landslide slip surface estimated from the surface geometry 
of  the  landslide, and  zones where materials appeared  to be particularly disturbed within 
the  landslide  mass.  The  VBW  transducers  measured  the  groundwater  head  within  the 
Casagrande  (standpipe)  piezometer  at  15‐minute  intervals  and  stored  in  data  loggers 
(Divers).  The  groundwater  monitoring  data  was  averaged  over  each  hour,  and  then 















































samples  from both the East  (E) and West  (W) sides of the site were collected  in order to 
determine whether there are differences in terms of physical properties and shear strength 
parameters (see Chapter 6). These samples were collected on two occasions: in May 2011 
and  August  2011.  This  location  was  chosen  as  the  materials  resembled  that  of  the 
Withernsea  till.  The  sediment  at  the main  scarp was  freshly  exposed  and unaffected by 
landslide  movement.  Each  sample  measured  15  x  15  x  15  cm  (Figures  3.15  c).  The 

















and geotechnical characteristics of  the glacial  till at  the upper section of  the cliff, and  to 
explore  the  relationship  between  groundwater  and  movement  patterns.  Simulations  of 
pore water pressure  conditions  as  derived  from  the  field monitoring  data were used  to 
examine the accelerated behaviour of landslide. The experimental programme consisted of 
three stages: 1) Physical properties  testing of  the  landslide materials; 2) Strain‐controlled 
compression tests using direct shear box tests or strain‐controlled to determine the failure 
envelopes  of  the  material;  and  3)  Specialist  direct  shear  tests  with  a  pore  pressure 












































methods  outlined  by  Carey  (2011).  The  apparatus  can  function  as  both  a  conventional 
direct  shear  and  back‐pressured  shear  machine.  The  standard  BPS  apparatus  uses  a 




stone  in  the base of  the shear box. Pore water volume change was also recorded by  this 
controller.  Consolidation  was  performed  using  the  feedback  controlled  actuator.  The 
shearing stage began as soon as the specimen was consolidated and the required degree of 



















and  scalpel.  The  diameter  and  the  height  of  the  trimmed  samples were measured  using 






The  saturation  stage was  performed  to  simulate  saturated  soil  conditions  during  heavy 
rainfall at the site. Firstly, the sample was flushed at a very slow rate with carbon dioxide to 
remove  air  from  the  sample.  Thereafter, de‐aired water was  flushed  into  the  sample  to 








The consolidation  stage was performed  to  simulate  the  field  stress  state associated with 
the weight of the overlying and surrounding soil material at original sample depth.  In this 
research consolidated samples were tested at effective stresses ranging from 50 kPa to 175 











a very  slow  strain  rate of 0.01% of  the  initial  sample  length per minute as drainage was 
permitted (BSI, 1990d). This means the calculated strain rate of drained shear for samples 








constant  while  increasing  the  pore  water  pressure.  These  stress‐controlled  tests  were 
designed to examine the strain development of the soil samples in response to changes of 
pore water pressure alone. The rates were chosen with reference to the field groundwater 
monitoring data during  accelerated movement periods  (i.e. non‐linear deformation).  For 
the PPR  test,  saturation and consolidation  stages were  the  same as  the  strain‐controlled 
compression tests (section 3.2.3.4 and 3.2.3.5). Subsequently, the drained initial shear (DIS) 
stage was performed only  after  reaching  80% of  the maximum  sample  strength  (Petley, 
2002). The chosen effective stress after the DIS stage and shear stress were 75 kPa and 40 
kPa respectively. These values represent a soil depth of approximately 3 m. The pore water 








mechanisms  and  processes  of  landsliding  at  glacial  till  based  upon  both  fieldwork  and 
laboratory testing. The research  includes a number of techniques  including the use of the 
TLS and other  in  situ  instrumentation. This  reflects  the multifaceted nature of  this  study 




2. In particular,  this  research  is  focused on  the upper part of  the  landslide complex, 




detailed monitoring at 15 minute  intervals  (i.e. displacement, groundwater,  rainfall 
measurements)  between  March  2011  and  December  2012.  Two  types  of 
extensometer  were  used:  the  vibrating‐wire  extensometer  (March  2011‐February 
2012) and the compact string extensometer (April‐December 2012). The Casagrande 





















include  failures,  volumetric  changes  and  resultant  directions  of movement.  These were 
analysed  both  incrementally  (monthly)  and  on  a  cumulative  basis.  Additionally,  the 




According  to  field observations, Upgang cliff has a wide variety of  failures, which  include 
forms  indicative of mudslides, mud  flows  and block  falls. These  failures were  associated 
with different  failure mechanisms,  forming  the  landslide complex, which  is also observed 






elevation/face on  view  (xz)  ‐ were used  to perform  the  resultant  surface  comparison of 
monthly and cumulative change across the cliff face (Figure 4.1). Negative changes (warm 
colours  in Figure 4.1) correspond to a  loss of material or a reduction of surface elevation, 

















1  11‐Dec‐11  2,816,105  0.046  1.54  ‐  ‐ 
2  13‐Jan‐12  8,435,469  0.040  0.46  Dec 2011‐ Jan 2012  Dec 2011‐ Jan 2012 
3  23‐Feb‐12  3,243,443  0.053  0.62  Jan 2012 ‐ Feb 2012  Dec 2011 ‐ Feb 2012 
4  29‐Mar‐12  4,178,828  0.051  0.44  Feb 2012 ‐Mar 2012   Dec 2011 ‐Mar 2012 
5  23‐Apr‐12  4,691,068  0.055  0.79  Mar  2012 ‐Apr 2012  Dec 2011 ‐Apr 2012 
6  24‐May‐12  3,470,302  0.020  0.45  Apr 2012 ‐ May 2012  Dec 2011 ‐ May 2012 
7  15‐Jun‐12  3,428,059  0.044  0.63  May 2012 ‐ Jun 2012  Dec 2011 ‐ Jun 2012 
8  21‐Aug‐12  3,514,178  0.040  1.37  Jun 2012‐ Aug 2012  Dec 2011‐ Aug 2012 
9  19‐Oct‐12  5,019,454  0.022  1.38  Aug 2012 ‐ Oct 2012  Dec 2011 ‐ Oct 2012 
10  16‐Nov‐12  4,114,718  0.049  1.31  Oct 2012 ‐ Nov 2012  Dec 2011 ‐ Nov 2012 






Figure 4.1 Surface change data extracted  from  two different views, namely, plan/top down view  (xy) and elevation/face on view  (xz). Note  that  for clarity, all 
diagrams are presented in an elevation view viewed as if looking from the North Sea: a) is the digital elevation model on 19th October 2012 derived from TLS data; 







The  rasterised  images  of  change  have  been  annotated  with  fieldwork  observations  to 
delimit change associated with landslides. For the purpose of discussion, the study site has 
been  mapped  and  then  divided  into  seven  main  units,  denoted  B1  to  B7  on  the  3D 









From  the  TLS  monitoring  which  describes  the  time  series  of  change,  there  are  clear 
patterns where landslides occur in the different zones of the cliff (Zones A‐D). It is apparent 
that failure clusters at the various zones appear to follow the lithostratigraphic boundaries. 
The  size  of  failure  appears  to  be  controlled  by  the  underlying  cliff  geology, with  failure 
dimensions  often  matching  the  bed  depth.  There  is  evidence  of  linkages  between 
contiguous failures, whereby landslides on the upper part of the cliff move downslope. This 
can be observed  in Zones A and B,  termed  ‘slide  source and  transportation  zone’, which 
reside about 16 m from the top of the cliff. As can be seen from both the plan and elevation 
views (Figures 4.2 ‐ 4.5), these two zones exhibit a patchy pattern of deformation revealed 
by a mixture of  cool and warm deformation  colours  (i.e.  landslide B2, B3 and B5). More 
specifically, the pattern of deformation changed month by month, moving down the slope 
(Figure  4.2  ‐  4.5).  For  example,  landslide  B3  illustrates mass movements  that  occurred 
between  29th March  and  24th May  2012.  Such movements  explain  the  loss  and  gain  of 






being  re‐mobilised  to  the  cliff  toe  and  thereafter  washed  away  by  the  sea.  It  is  also 
interesting  to note  that no  change was  recorded along  the main  scarp across which  the 











period.  The position  and  shape of  changes  to  the morphology  captured  in detail by  the 
laser  scanning  can  be  used  to  examine  the  nature  of  the  failure  process.  For  example, 












There  is considerable evidence of  toe erosion by wave action, with  the  lower part of  the 






was  lodged  in  this  zone  temporarily  before  being washed  away  by  the  rising  tide.  The 
phenomenon appeared in the lower glacial till (i.e. Skipsea till). 
 
As seen  from  the rasterised  images,  the TLS has proven  to be useful  in capturing  failures 
across the cliff face from both the plan and elevation views. In many cases, landslide events 
are not caused by marine basal erosion. Rather, as the landsliding dynamics at the various 
zones  have  indicated,  different  types  of  failures  occurred  at  different  lithostratigraphic 
boundaries as a result of variations in strength or permeability, and were mostly triggered 
by  rainfall  events.  Therefore,  it  is  evident  that  the  cliff  is  subjected  to both marine  and 
groundwater variations, with  some parts more  influenced by one  than  the other.  In  this 
case,  landslide  failures  in Zones A‐C were  triggered by  fluctuations  in groundwater, while 




Another way  in which  landslide  patterns  can  be  studied  is  through  volume  and 































































































































































































































































monitoring period  including  the  volumetric  retreat of  the  cliff. The  temporal patterns of 
surface change are demonstrated most clearly when analysing distribution of loss and gain 
across  the  cliff  face  throughout  the monitoring period. Monthly and  cumulative  changes 
can  be  used  to  explain  surface  change  including  both  total  volume  changes  across  the 
monitored area and the magnitude of the distribution of change across the area as can be 




ܸ݀ ൌ 1/ሺሺܲ݅ݔ݈݁ሻଷ	ሻ ∗ ሺ∑ܸ݋݈	ሻ                   Equation 4.1 
 
Where dV  represents volume change, pixel size of  rasterised  image  is 0.05 m, and ∑ܸ݋݈	 
represents total gain or loss for the month.  
 















Plan view (xy)  Elevation view (xz)  Plan view (cxy)  Elevation view (cxz) 
Loss  Gain  NC  Loss  Gain  NC  Loss  Gain  NC  Loss  Gain  NC 
Jan‐12  ‐44.55  10.41  ‐34.13  ‐91.91  29.48  ‐62.43  ‐44.55  10.42  ‐34.13  ‐91.91  29.48  ‐62.43 
Feb‐12  ‐6.12  20.39  14.27  ‐4.93  26.06  21.13  ‐16.25  10.71  ‐5.54  ‐16.86  14.49  ‐2.37 
Mar‐12  ‐19.68  14.76  ‐4.92  ‐41.92  43.82  1.9  ‐30.61  29.2  ‐1.41  ‐63.09  66.18  3.1 
Apr‐12  ‐26.04  6.65  ‐19.4  ‐59.39  17.43  ‐41.97  ‐44.73  27.9  ‐16.83  ‐89.16  60.6  ‐28.57 
May‐12  ‐27.08  19.2  ‐7.88  ‐48.34  38.68  ‐9.66  ‐59.1  33.93  ‐25.16  ‐97.83  65.14  ‐32.69 
Jun‐12  ‐25.12  3.41  ‐21.71  ‐61.4  10.1  ‐51.3  ‐69.19  22.47  ‐46.71  ‐117.8  41.84  ‐75.96 
Aug‐12  ‐37.17  24.23  ‐12.94  ‐49.11  52.24  3.14  ‐94.61  32.75  ‐61.85  ‐140.14  62.98  ‐77.16 
Oct‐12  ‐21.89  21.43  ‐0.46  ‐44.34  50.24  5.9  ‐97.56  39.71  ‐57.86  ‐172.55  76.6  ‐95.95 
Nov‐12  ‐15.66  46.02  30.35  ‐44.37  86.95  42.58  ‐74.33  49.46  ‐24.87  ‐138.62  97.89  ‐40.73 




loss  in volume recorded  from the elevation view was almost t twice that registered  from 
the  plan  view.  This  suggests  that  in monitoring  landslide  failures,  care  is  needed  in  the 
interpretation of data and the manner in which change is extracted. The difference may be 
due  to  the  fact  that  the TLS  failed  to capture shallow areas of change accurately, due  to 






















elevation view,  respectively. The difference  in erosion  rates  is due  to  the different views 
from which deformation data was projected (i.e. the incidence angle and view angles onto 











2012, whereas  surface change  in  terms of volume gained was  significant  in  two months: 




An overall negative  surface  change  (volume  loss), was observed where  volume  from  June 
reduced  to  November,  before  increasing  again  in  December.  This  trend  appears  to  be 
consistent with the trend of precipitation (430 mm between April to December 2012). Data 
from  both  the  plan  and  elevation  views  confirm  that  the most  significant  loss  in  volume 
occurred during the winter months including January (44.55 m3 – plan; 91.91 m3 – elevation) 
and December  (47.36 m3 –  plan;  91.29 m3 –  elevation).  This  observation  is  confirmed  by 
looking  at  the mean distance of  change, which  is  the mean pixel  to pixel  change  in each 
monitoring month  (see Table 4.3). Both  the plan and elevation views also  recorded  larger 
magnitude changes during the winter months of January (0.14 m – plan; 0.30 m – elevation), 
November  (0.15 m  –  plan;  0.40 m  –  elevation)  and December  (0.27 m  –  plan;  0.43 m  – 
elevation).    
 
Conversely, surface change  in  terms of volume gain was significant during autumn  (August  to 
November), when there was a relatively high amount of precipitation. In the month of November, 
the gain (46.02 m3 – plan; 86.95 m3 – elevation) was significantly more than the loss of material 
(15.66 m3 –  plan;  44.37 m3 –  elevation).  This may  be  due  to  the  occurrence  of mudslides  / 
mudflows during this period of time, and the bulking of failed material with additional water. This 
corresponds  also with  the  rasterised  images, which  reveal  a  high  occurrence  of mudslides  / 
mudflows  from August  to November.  The  characteristically  low movement  velocities of  such 
landslides (e.g. < 0.1 / year) means that material was not lost  immediately, as compared to for 










Surface change  in term of volume  loss  is represented by negative values (orange) with the highest volumes 
















































































































































Loss (m)  Gain (m)  Loss (m)  Gain (m) 
Mean  Std.Dev.  Min  Max  Mean  Std.Dev.  Min  Max  Mean  Std.Dev.  Min  Max  Mean  Std.Dev.  Min  Max 
Jan‐12  ‐0.14  0.15  ‐9.66  0.00  0.15  0.21  0.00  5.37  ‐0.30  0.49  ‐12.07  0.00  0.40  0.64  0.00  10.95 
Feb‐12  ‐0.15  1.02  ‐9.50  0.00  0.12  0.18  0.00  9.56  ‐0.17  0.61  ‐11.01  0.00  0.16  0.24  0.00  11.72 
Mar‐12  ‐0.08  0.09  ‐7.82  0.00  0.11  0.17  0.00  9.85  ‐0.16  0.34  ‐11.48  0.00  0.31  0.63  0.00  21.80 
Apr‐12  ‐0.08  0.27  ‐16.12  0.00  0.06  0.15  0.00  8.55  ‐0.18  0.41  ‐11.34  0.00  0.16  0.39  0.00  11.15 
May‐12  ‐0.12  0.36  ‐10.13  0.00  0.10  0.22  0.00  8.94  ‐0.21  0.51  ‐12.04  0.00  0.19  0.41  0.00  11.22 
Jun‐12  ‐0.08  0.12  ‐9.24  0.00  0.07  0.20  0.00  13.79  ‐0.18  0.38  ‐11.72  0.00  0.18  0.47  0.00  25.96 
Aug‐12  ‐0.13  0.28  ‐9.45  0.00  0.14  0.23  0.00  8.39  ‐0.21  0.44  ‐12.20  0.00  0.31  0.52  0.00  11.96 
Oct‐12  ‐0.09  0.15  ‐8.92  0.00  0.09  0.15  0.00  10.66  ‐0.20  0.41  ‐10.71  0.00  0.21  0.44  0.00  12.11 
Nov‐12  ‐0.15  0.24  ‐9.07  0.00  0.14  0.15  0.00  8.51  ‐0.40  0.69  ‐11.64  0.00  0.26  0.42  0.00  11.50 














Overall,  these  two  sets  of  graphs  exhibit  a  similar  pattern. However  a  slightly  different 
frequency distribution of  surface  change  can be observed.  Small‐scale  changes occurred 
more  often  than  larger  changes,  represented  by  a  narrow  distribution  focussed  around 
small values, as observed in April and June. Furthermore, as can be seen from the skewed 
distribution  of  the  individual  month  data,  there  is  an  overall  negative  shift  in  the 
distribution of  change over  the monitoring period.  This  relates  to  a net  loss of material 
across  the  cliff  surface. However,  large‐scale positive  changes were dominant during  the 








February,  November  and  December  experienced  lower  frequencies  of  large  positive 
changes (kdensity values of 3‐4), as depicted by the broader curves (i.e. wide range of value 
change). It can be implied that the landslide mass moved downslope. These comparatively 
larger  changes  could  be  caused  by  the  continuous  intensive  rainfall  from  the  preceding 
months contributing  to  the already high groundwater  level. While  the change  in  January 
amounts  to  an  overall  loss  of  material,  that  in  February,  November  and  December 
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B4  (B‐B’).  Both  complexes  show  numerous  landslide  features  and  failures,  with  the 
reworking of  failed material  and  the  continued  removal of  fresh material  from  the  cliff. 





change  in the cliff face over time. This  is due  largely to a block fall event recorded  in May 
2012. Although mudslides were the predominant failures observed within the upper glacial 
till,  the  large  failure  in  the  erosion  zone  and  the  reworking  of  failed materials may  be 
triggering  subsequent  episodes  of  deformation  in  the  later  months.  This  hints  at  the 
temporal  linkages between  failure events along  the cliff  face. However, a  fresh mudslide 
event was observed in Zone B in December 2012, which might not be related to the block 
fall event in the same month. As is evident, there is a strong lithological control on failure 
morphology.  The  varied  landsliding  processes  and  resultant  cross‐sectional  profiles  as 

























qualitative  fieldwork  observations  and  quantitative  laser  scanning  has  allowed  the 
processes  occurring  during  cliff  retreat  at  the  study  sites  to  be  identified.  The  resulting 
landslide complex displays seasonal movements, associated with rotational failures, sliding 
and deterioration of  the  failed mass  into  complex mudslides.  It  is evident  from  the data 
presented above that this approach has high potential for assessing landslide characteristic 
from  the cliff  face. The  level of  spatial detail gained also allows  the pattern of  individual 
layer within  the glacial  till  to be examined and  the  influence of diﬀerent  factors  such as 
precipitation and marine activity. Key findings are as follows: 
1. Surface  comparison using both  the plan  (xy) and elevation  (xz)  views  is  crucial  in 
capturing the true nature of failures across the cliff face, especially if the cliff is non‐
vertical/inclined as in the case of Upgang.  
2. Deformation  where  material  is  lost  represents  a  reduction  of  surface  elevation 
(negative  changes),  whereas  deformation  where  material  is  gained  (positive 
changes)  is a result of accretion commonly associated with deposition of  landslide 
material from above. 
3. There  are  clear  patterns where  landslides  occur  in  the  different  Zones  A‐D.  The 
failures appear  to  follow  the  lithostratigraphic boundaries. The  size of  the  failure 
appears  to  be  controlled  by  the  underlying  cliff  geology, with  failure  dimensions 
often matching bed depth. 















This analysis has  revealed patterns  in  the nature of  landslide deformation. However,  this 
type of data does not provide  clarity  as  to exactly when  and how  the  triggering  factors 
dictate  movement.  Therefore,  this  chapter  presents  data  recorded  by  the  monitoring 




recorded  by  VBW1  and  S4  in  order  to  explore  landslide  movements.  In  addition, 
groundwater monitoring  data  are  also  provided.  This  is  followed  by  section  5.2, which 





both  accelerated  and  slow movements.  Furthermore,  periods  of  no movement  are  also 
identified.  There  are  clearly  periods  when  the  slope  doesn’t move,  which  need  to  be 
identified  and  separated  from  the  periods  of  slow movement.  Also,  due  to  antecedent 











cliff before  these extensometers were  replaced by string extensometers S4, S1 and S2  in 
2012.  The  middle  and  lower  parts  of  the  cliff  were  monitored  by  VBW4  and  VBW5, 
respectively.  The  VBW5  extensometer  was  subsequently  replaced  with  a  string 
extensometer S5. All recorded displacement data were plotted in cumulative displacement 
against time as can be seen in Figure 5.1. The monitoring data suggest that the upper part 
of  the  cliff  underwent  the most  landsliding  over  the monitoring  period,  and  this  area 
provided  the  dominant  input  of  material  into  the  head  of  the  landslide  complex. 
Importantly, only one location which was monitored by VBW1 (from March 2011 to March 
2012)  and  later  S4  (May  2012  to  December  2012),  showed  very  clear  patterns  of 
displacement  throughout  the monitoring  period,  and  was  least  affected  by  instrument 
failure. Therefore, the location was chosen to further explore landslide movement patterns. 
In order to record  landslide displacements, extensometers were used. The extensometers 

































































































































































obtain  an  hourly  averaged  groundwater.  Readings  were  then  corrected  for  barometric 
effects  (following  the  method  detailed  in  Chapter  3)  using  data  from  the  barometric‐
pressure sensor at Loftus station, located 30 km away (Table 5.1). The data suggest that the 
water  level was barely affected by changes  in barometric pressure due to the unconfined 
aquifer  response. Overall,  the  corrected hourly groundwater  level varied  throughout  the 
entire monitoring  period. Groundwater  head  level was measured  based  on  the  base  of 
borehole  (Figure 5.3). The  lowest recorded groundwater  level was 4.0 m and  the highest 





Location  Elevation (m AMSL) Max Min Std. of the mean









Since  2011,  systematic  logging  of  landslide  displacement,  groundwater  and  rainfall was 
carried  out,  providing  hourly monitoring  data.  The  extensometer  records  show  that  the 
rates of landslide movement varied between ‐0.079 and 1.91 mm/hr, although the rate of 
movement  reduced  significantly  during  dry  periods.  The  mean  hourly  movement  rate 
during the summer months was 0.2 mm/hr, whereas that for winter this rate was 2 mm/hr. 
The  corresponding  total  recorded cumulative displacement during  the monitoring period 
was 1277 mm and the total cumulative rainfall was 700.2 mm (Figure 5.4). During the early 
phases of periods of movement, the landslide gradually developed deformation in response 










borehole  (from  a minimum  of  5 m  to  a maximum  of  6.4 m)  in  response  to  antecedent 
rainfall  conditions.  This  led  to  sustained  accelerated  landslide movement  for  a month 
before  it  stabilised  into  a  slow  rate  (mean  0.029 mm/hr)  during  the  autumn  and  early 





5.4:  E).  Conversely, when  the  groundwater  level was  comparatively  low  in August  2011 





about  0.2  mm/hr.  Thus,  it  is  apparent  that  a  rainfall  threshold  controls  groundwater 
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movement  period,  versus  stable  conditions  and  noise.  Firstly,  a  threshold  indicating  the 
start  of  movement  was  defined  as  the  lowest  rate  at  which  landslide  movement 
accelerated  could  be  detected.  To  assess  whether  these  lower  displacements  were 
statistically  significant,  analyses  using  the  normalised  cumulative  distribution  of 
displacement rate was undertaken using the hourly cumulative displacement of the entire 
monitoring data  (Figure 5.5). Values  that are  close  to 1 depict a high displacement  rate, 
whereas  values  that  tend  towards  zero  represent  a  low  to negligible displacement  rate. 
From Figure 5.5, a range of the cumulative distribution was identified (the values between 
70  and  90th  percentiles).  90%  of  the  cumulative  distribution  was  associated  with  a 
displacement  rate  of  <  0.4  mm/hr,  whilst  70  %  of  the  cumulative  distribution  was 
associated with a displacement rate of < 0.06 mm/hr. In this study, the threshold start has 
been defined as  the 85th percentile of  cumulative displacement  rate  (0.2 mm/hr) on  the 
basis  that  it  is  the point with  the  steepest positive gradient of  cumulative displacement. 
Thus,  for the purposes of this analysis, accelerated movements were considered to occur 
when  the  displacement  rate  equalled  or  exceeded  0.2 mm/hr.  Slow movements  were 
considered  to  occur  when  the  displacement  rates  between  70th‐  85th  percentiles  of 
cumulative distribution  represent periods of slow movement  (0.06 < displacement  rate < 
0.2 mm/hr).  Importantly, the two  landslide movement patterns correspond to two of the 
main  types of movement defined by Cruden and Varnes  (1996) – very slow  (16 mm/yr < 
displacement rate < 1.67 m/yr) to slow (1.67m/yr < displacement rate < 13 m/month).  In 



































0 .2 .4 .6 .8 1
Dispalcement rate (mm/hr)
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
 
Figure 5.5 Plot of normalised cumulative distribution of displacement rate against displacement rate showing 







displacement  and  displacement  rate  plot  over  time  (Figures  5.6).  The  12  instances  of 
accelerated movement, which are represented by steep positive gradients, occurred over a 
time‐period  ranging  from  days  to  approximately  30  days. However,  the  four  periods  of 
slower movements are represented by relatively low gradients of cumulative displacement. 














































landslide consists of a  small volume of material, but  is characterized by  rapid movements. 












11, 12 and 21), but  for  the most part  (i.e. Periods: 2, 4, 6, 9, 14, 15, 17 and 19) patterns 
were  complex,  although  acceleration was  often more  rapid  than was  deceleration.  For 
example, Period 2 (Figure 5.7) showed rapid acceleration (0.2 mm/hr) followed by a short 
period  of  deceleration  (approximately  0.15 mm/hr),  and  then  rapid  acceleration  again 
before  the  rate  rapidly declined. Period  6  comprised  three  episodes of  sub‐movements, 
which are a set of rapid acceleration and deceleration, each with a different magnitude of 
displacement  rate. The  first movement had higher  rates of acceleration and deceleration 
(0.8 mm/hr) than the rest of the period (approximately 0.4 mm/hr). Period 11 comprised 
five  sub‐movements, which  showed  the  highest  displacement  rate  (approximately  2.21 
mm/hr)  in  the  first  sub‐movement,  but  lower  displacement  rates  in  subsequent  sub‐
movements. In this case each sub‐movement showed equal rates of rapid acceleration and 
rapid deceleration.  Such a pattern  could be  found either  individually or as part of many 
similar  ones  to  constitute  a  movement  period.  This  suggests  that  the  accelerated 














Mean  Std.  Min.  Max. 
2  26/08/2011 ‐ 1/09/2011  154  13.399  0.100  0.044  0.012  0.200 
4  14/10/2011‐14/11/2011  740  176.573  0.239  0.369  0.010  1.914 
6  15/12/2011‐09/01/2012  608  148.944  0.245  0.163  0.041  0.808 
8  29/04/2012 ‐ 05/05/2012  133  74.464  0.609  0.894  0.014  4.697 
9  10/05/2012 ‐15/05/2012  104  61.470  0.647  0.414  0.014  1.778 
11  22/06/2012 ‐ 28/06/2012  144  74.227  0.603  0.447  0.019  1.658 
12  28/06/2012 ‐ 04/07/2012  144  69.736  0.659  0.563  0.014  2.211 
14  6/07/2012 ‐ 10/07/2012  91  105.801  1.259  1.126  0.024  3.951 
15  10/07/2012 ‐13/07/2012  85  124.774  1.862  1.132  0.024  3.917 
17  21/11/2012 ‐ 23/11/2012  63  16.952  0.292  0.149  0.014  0.583 
19  24/11/2012‐02/12/2012  185  309.669  1.721  1.678  0.029  6.272 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































Period 2   26/08-01/09/2011                                                 Period 4   14/10-14/11/2011                                  Period 6   15/12/2011-09/01/2012                            
Period 8    29/04-05/05/2012                                             Period 9   10-15/05/2012                                                     Period 11   22-28/06/2012                            
Period 12    28/06-04/07/2012                                          Period 14   06-10/07/2012                                                  Period 15   10-13/07/2012                            












































an  accuracy  of  0.01 mm/hr  in  terms  of  the  displacement  rate.  As  such,  it  is  possible  to 
identify slow movements over and above measurement error.  
 
Slow movement  presents  a  positive  gradient  of  cumulative  displacement with  very  low 
velocity of about 0.06 ‐ < 0.2 mm/hr. However, for the low rates of displacement associated 
with  these movement periods,  it  is difficult  to  identify  their precise start and end points. 
Estimates of when these movements occurred are shown in Table 5.3. Four periods of slow 
movement indicate both a negative and positive gradient in displacement, which indicates 
apparently  upslope  and  downslope  movement  of  the  landslide  over  a  time‐period  of 
approximately  31  ‐  73  days.  Patterns  of  the  displacement  show  complex  periods  with 










Mean  Std.  Min.  Max. 
1  24/03/2011‐05/06/2011  1,751  10.631  0.004  0.022  ‐0.064  0.091 
3  01/09/2011‐14/10/2011  1,013  8.556  0.008  0.027  ‐0.079  0.107 
5  14/11/2011 ‐15/12/2011  756  19.130  0.024  0.038  ‐0.062  0.142 






























































































































































































































































































































































10 20 30 40
Days
Period 1    24/03-05/06/2011                                                                                  Period 3    01/09-29/10/2011 






No  movement,  relative  to  the  errors  of  the  instrument,  is  considered  when  the 
displacement rate is less than 0.06 mm/hr. The displacement data suggest that there were 
times when the landslide was not moving, probably during periods when the movement is 
comparable  to  the  precision  of  the  instrument.  ‘No movement’  relates  to  error, which 
occurs in two different patterns, as can be seen in Figure 5.9: 1) short periods of downslope 
movements  (positive  values),  and  2)  long  periods  of  apparently  upslope  movements 
(negative values), probably causing no net change  in  landslide position. For the former,  it 
might be a case where the displacement was too small  (< 0.3 mm)  for the  instrument to 
detect. For  the  latter, upslope movements  (negative movements) may be  caused by  the 










































































































































































































































































































































































































































































10 40 70 100
Days
Period 13    04-06/07/2012                                        Period 18    23-24/11/2012                                    Period 20    02-03/12/2012        




























The  aim  of  this  section  is  to  identify  patterns  of  rainfall  and  groundwater  and  their 
relationship with  landslide movements  (accelerated, slow and no movement as discussed 
in  the  previous  section).  Firstly,  precipitation  patterns  that  influence  accelerated 
movements,  slow  movements  and  no  movements  are  identified  (section  5.4.1).  The 
patterns are based on the duration and magnitude of rainfall in order to correlate between 














movements,  the  rainfall  patterns  were  categorized  based  on  rainfall  duration  and 
magnitude. All these attributes influenced the build‐up of water pressure, based on the 21 
periods of discrete movements, as summarised in Table 5.4. The cumulative hourly rainfall 






Std  ‐  standard  deviation  of  the mean; Gw  ‐groundwater;  Total  change  from maximum  to minimum  (i.e. maximum  groundwater  level  – minimum  groundwater  level); Max. 
Precipitation  ‐  the maximum  hourly  precipitation  in  a  period;  Total  precipitation:  The  total  precipitation  in  a  period;  Precipitation Duration  –  the  total  rainfall  hour. Note: 










minimum (m) Mean  Std.  Min.  Max.  Mean  Std.  Min.   Max.  Mean  Std.  Min.   Max.  Max.  Total  Duration 
1  24/03/2011‐05/06/2011  1,751  10.631  0.004  0.022  ‐0.064  0.091  5.088  0.102  4.819  5.408  0.000  0.005  ‐0.053  0.037  2.00  16.40  39  0.589 
2  26/08/2011 ‐ 1/09/2011  154  13.399  0.100  0.044  0.012  0.200  4.905  0.140  4.317  4.987  0.004  0.014  ‐0.007  0.115  10.40  36.60  18  0.670 
3  01/09/2011‐14/10/2011  1,013  8.556  0.008  0.027  ‐0.079  0.107  4.690  0.084  4.482  4.934  0.000  0.005  ‐0.032  0.022  3.60  46.40  77  0.453 
4  14/10/2011‐14/11/2011  740  176.573  0.239  0.369  0.010  1.914  4.556  0.110  4.312  4.780  0.000  0.005  ‐0.032  0.017  3.20  29.00  43  0.467 
5  14/11/2011 ‐15/12/2011  756  19.130  0.024  0.038  ‐0.062  0.142  4.435  0.154  4.021  4.701  ‐0.001  0.009  ‐0.092  0.037  1.20  8.80  21  0.680 
6  15/12/2011‐09/01/2012  608  148.944  0.245  0.163  0.041  0.808  4.426  0.139  4.095  4.770  0.001  0.010  ‐0.050  0.114  2.80  20.00  32  0.675 
7  09/01/2012‐06/02/2012  653  4.745  0.006  0.028  ‐0.054  0.102  4.790  0.095  4.591  4.961  0.000  0.006  ‐0.022  0.026  1.20  10.40  21  0.370 
8  29/04/2012 ‐ 05/05/2012  133  74.464  0.609  0.894  0.014  4.697  5.426  0.105  5.254  5.555  0.000  0.010  ‐0.011  0.071  0.20  1.20  6  0.301 
9  10/05/2012 ‐15/05/2012  104  61.470  0.647  0.414  0.014  1.778  5.445  0.122  5.175  5.622  0.001  0.011  ‐0.020  0.064  0.40  2.00  8  0.447 
10  01/06/2012 ‐ 19/06/2012  431  ‐4.115  ‐0.010  0.035  ‐0.164  0.063  5.161  0.199  4.880  6.191  0.000  0.031  ‐0.083  0.418  4.80  47.00  35  1.312 
11  22/06/2012 ‐ 28/06/2012  144  74.227  0.603  0.447  0.019  1.658  5.269  0.074  5.149  5.387  0.000  0.006  ‐0.012  0.019  1.40  13.20  32  0.238 
12  28/06/2012 ‐ 04/07/2012  144  69.736  0.659  0.563  0.014  2.211  5.240  0.067  5.096  5.372  0.000  0.010  ‐0.019  0.071  3.40  15.20  16  0.276 






Max. Precipitation  ‐ the maximum hourly precipitation  in a period; Total precipitation: The total precipitation  in a period; Precipitation Duration – the total rainfall hour. Note: 










minimum (m) Mean  Std.  Min.  Max.  Mean  Std.  Min.   Max.  Mean  Std.  Min.   Max.  Max.  Total  Duration 
14  6/07/2012 ‐ 10/07/2012  91  105.801  1.259  1.126  0.024  3.951  5.642  0.296  5.146  6.358  0.002  0.045  ‐0.042  0.221  7.20  11.40  16  1.212 
15  10/07/2012 ‐13/07/2012  66  124.774  1.918  1.102  0.058  3.917  5.525  0.162  5.249  5.795  0.000  0.034  ‐0.018  0.203  1.80  10.20  15  0.546 
16  14/07/2012‐ 18/10/2012  2,305  ‐52.885  ‐0.022  0.063  ‐0.582  0.058  5.033  0.108  4.612  5.272  0.000  0.006  ‐0.029  0.085  3.00  121.20  217  0.660 
17  21/11/2012 ‐ 23/11/2012  63  16.952  0.292  0.149  0.014  0.583  5.105  0.065  5.005  5.238  0.004  0.009  ‐0.018  0.034  1.80  11.80  15  0.233 
18  23/11/2012 ‐ 24/11/2012  14  0.371  0.029  0.020  0.000  0.058  5.283  0.018  5.249  5.309  0.005  0.004  ‐0.002  0.011  0  0  0  0.060 
19  24/11/2012‐02/12/2012  185  309.669  1.721  1.678  0.029  6.272  5.773  0.342  5.198  6.501  0.001  0.041  ‐0.079  0.283  3.00  45.00  60  1.303 
20  02/12/2012 ‐ 03/12/2012  31  0.072  0.001  0.009  ‐0.014  0.043  5.380  0.057  5.266  5.436  ‐0.005  0.005  ‐0.016  0.002  0.60  2.00  5  0.170 



























































































































































in periods of varying  rainfall  in  terms of both duration and magnitude, most probably  in 
response to the associated increases in groundwater level. The three characteristics of the 






was  observed  in  16%  of  accelerated  movement  events.  A  relatively  high  velocity  of 
displacement (peak rate = 1.7 ‐ 4.7 mm/hr) was observed in Periods 8 and 9 (Table 5.4 and 





Medium duration  rainfall,  typically occurring over 10  to 20 hours, with a high magnitude 
(between 2 and 10 mm) are the most frequent controls on accelerated movement events 
(50 %).  These were  associated with  groundwater  levels  in  the  range  4.3  to  6.4 m,  and 
typically with a rate of change of groundwater level of approximately 0.2 m/hr, leading to 
displacement rates in the range 0.2 to 4.7 mm/hr. The data indicates that high magnitude 
rainfall  can  induce  landslide movement  due  to  a  rapid  increase  in  groundwater,  even 
though  the  initial groundwater  level might be  low  (i.e. Period 2). Conversely,  the higher 











were a response  to  the prolonged period of  rainfall. A phase  in which groundwater  level 
approached the ground surface was observed in Period 19, and caused the most movement 
distance (approximately 309 mm) with a maximum displacement rate of 6.3 mm/hr. As for 




Conversely,  the  slow movements  (Table  5.4)  also  occurred  in  periods  of  varying  rainfall 
duration  and  magnitude.  Long  duration  rainfall  (>  20  hours)  with  a  low‐  to  medium 
magnitude (1‐4 mm) was identified. Long rainfall duration (i.e. more than 20 hours) caused 








periods with  no  rainfall  but with  high  levels  of  groundwater  (>  5.0 m).  There was  little 
change  between  maximum  and  minimum  groundwater  levels  during  the  movement 
periods,  although  the  minimum  groundwater  level  is  high  (approximately  5.1  m).  The 













Most  slopes with  shallow  soils  (<  5 m  depth)  require  saturated  conditions  or  a  positive 
change  in  pore water  pressure  (excess  pore  pressure)  to  induce  slope  failure  (Sidle  and 
Ochiai,  2006).  Periods  of  accelerated  movement  typically  correspond  to  times  when 
groundwater  levels correspond  to or exceed a key  threshold. Therefore,  the  influence of 
groundwater  is  considered  in  terms  of  effective  stress  changes.  To  understand  the 






suggest  that  two  types of groundwater  level  change  (based on  the bottom of borehole) 
were associated with movement events: 1) Increasing groundwater nearly or reach ground 
surface (low effective stress on the shear surface). 2) Increasing groundwater  in the shear 
zone without  full  saturation  of  the  soil  column  (change  of  effective  stress  on  the  shear 
surface).  These  two  increasing  groundwater  regimes  are  relative  to  borehole  depth. 
Interestingly, both types of groundwater increment exhibit either no lag time or only a one 



































Patterns of  increasing groundwater of accelerated movement based on bottom of borehole  (A and B patterns). A  is a regime of  increasing groundwater that  is nearly 



















































































































































































































The  groundwater  table  at  the  slope  surface  occurred  in  two  scenarios,  namely  the 
groundwater  level  increasing to close to the ground surface, and groundwater  level being 
at  the ground surface.  In period 14  (Figure 5.11), a high magnitude of  rainfall  (maximum 
hourly rainfall = 7.2 mm) led to a rise of groundwater almost to the ground surface (6.4 m). 
The  landslide  responded by  travelling 105.8 mm.  In Period 19  (Figure 5.11),  continuous, 
intense rainfall with a very high total (45 mm) caused the groundwater  level to reach the 






pattern  of  groundwater  increase  associated  with  periods  of  accelerated  movements. 
Increasing groundwater level was always below ground surface, and did not exceed 6 m. In 
Period 2, for example, groundwater rose rapidly  in response to  intense hourly rainfall (10 
mm)  resulting  in accelerated  landslide movements  (Table 5.4 and Figure 5.11). However, 





increasing groundwater  levels  leads  to a short duration of  landslide movement with high 
displacement  rates  and  long  displacement  distances.  Conversely,  a  smaller  change  in 
effective  stress  can  cause  landslide  movements  with  longer  durations  at  a  variety  of 




































However,  slow movements  responded  to  smaller  fluctuations  of  groundwater  (Std.Dev: 
0.270)  and  the majority  of  slow movements  occur  during  period  of  low  groundwater. 
Periods  of  no movement  responded  to  a  very  narrow  fluctuation  of  groundwater  level 




Type of movement  Groundwater Mean  Std.Dev  Min  Max 
1. Accelerated movement  4.897  0.496  4.100  6.501 
2. Slow movement  4.827  0.270  4.020  5.408 
3. No movement  5.057  0.139  4.611  6.191 
  
Figure  5.12  Changing  groundwater  level  over  accelerated  movement  (left)  and  slow  movement  (right). 









to  rainfall,  a  correlation  analysis  was  undertaken  to  explore  the  relationship  between 
groundwater and rainfall in order to establish the time frame over which rainfall influences 
this  response.  Thus,  the  lag  time  between  rainfall  events  and  groundwater  rise  can  be 
quantified  (e.g.  Lee  and  Lee,  2000;  Chae  et  al.,  2010;  Mair  and  Fares,  2011).  The 
groundwater at a given  time and  the accumulated antecedent  rainfall has been assessed 
incrementally, e.g. Gt → Rt‐1‐2; Gt → Rt‐1‐2‐3; Gt → Rt‐1‐2‐3, where Gt is groundwater at a given 





5.13)  for  rainfall  accumulated  over  a  1  to  2  hour  period,  indicating  that  groundwater 
responded  almost  immediately. As  such,  displacements  can  be  observed  in  response  to 
increasing  ground  water  level  alone,  independent  of  absolute  groundwater  level.  The 
correlation  analysis  between  groundwater  and  displacement  rate  is  illustrated  in  Figure 
5.14.  The  results  show  that  the  correlation  is  highest  (0.54)  at  zero  lag  time,  indicating 
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The mechanisms of  landslide movements  induced by  rainfall and  the associated  changes 
groundwater  have  been  examined  based  on  21  discrete  periods  of  movement  at  the 
Upgang landslide. The conclusions are as follows: 
 
1. The Upgang  landslide  is characterised by shallow  landslides at the upper section of the 




2. Three patterns of  landslide deformation are  identified, namely accelerated movement, 
slow movement and no movement based on a threshold of ≥ 0.2 mm/hr, 0.06 mm/hr < x < 
0.2 mm/hr and less than 0.06 mm/hr respectively. Accelerated movements occurred during 
periods  of  heavy  rainfall  with  varying  velocities  (0.2  ‐  6.27  mm/hr),  whereas  slow 
movements occurred with very low velocity (0.01 ‐ 0.2 mm/hr).  
 
3. Rainfall magnitude duration  records are useful  in estimating periods of  likely  landslide 
activity  as  the  accelerated movements  almost  exclusively  occurred  simultaneously with 
increases  in groundwater  level. The  influence on  landslide deformation can be associated 
















and  temporary  increasing  groundwater  exhibits  two  patterns  of  increasing  groundwater 
level leading to accelerated movements. A wide variety of increases in groundwater led to 




2)  Increasing groundwater  in  the shear zone without  full saturation of  the soil column 
(change of effective stress on the shear surface).  
The first pattern of  increasing groundwater caused high displacement rates. However, the 






were  affected  by  hydrological  conditions.  The  landslide movements were  controlled  by 
infiltration of surface water and groundwater, which was brought about by precipitation. 
The  resultant  increase  in  groundwater  coincides  directly  with  the  timing  of  landslide 











this  relationship  and  the  deformation  mechanisms  on  the  glacial  till  during  the 
development of  failure, a programme of  innovative  laboratory tests has been conducted. 
This  chapter  presents  the  laboratory  testing  results  of  physical  properties  tests,  back‐
pressured shear box tests (BPS), and Pore Pressure Reinflation tests (PPR). 
 
























brown with  a mud matrix,  sand  lenses  and  granule‐pebble  sized  clasts.  The  number  of 







composed of  silt  (71‐75%), with about 21‐29%  clay and  less  than 10%  sand  (Figure 6.1). 
According  to  the  analysis  of  the  Atterberg  limits,  the  soil  samples  can  be  classified  as 
‘Inorganic clays’ of medium‐high plasticity, denoted as CI‐CH. This  is apparent as the plots 





Additionally,  the  specific gravity  values  varied between 2.53  to 2.67, with an average of 
2.59 as the samples were made up of a mixture of fragments ranging  in size from clay to 
coarse silt. These samples show an inorganic nature by having a low organic content (4‐7% 
loss  on  ignition).  The  initial  void  ratio  and  dry  densities  ranged  between  0.69  ‐  0.67 
(average of 0.62) and 1.43 ‐ 1.67 mg/m3 (average of 1.53 mg/m3), respectively. A range of 










Mean Min Max  # Samples
Particle size analysis 




Sand           Coarse (0.6‐2 mm)  0.00  0.00  0.00  5 
                Medium (0.2‐0.6 mm)  0.00  0.00  0.00  5 
                   Fine (0.06‐0.2 mm)  1.88  0.00  7.50  5 
Silt         Coarse (0.02‐0.06 mm)  9.06  0.80  20.20  5 
           Medium (0.006‐0.02 mm)  20.70  13.80  23.50  5 
              Fine (0.002‐0.006 mm)  43.80  37.00  45.70  5 
Clay                       < 0.002 mm  24.46  21.50  28.80  5 
Specific gravity, Gs  2.59  2.53  2.67  5 
Loss on ignition, LOI  5.63  4.305  7.081  12 
Moisture content, % (at 105° C)  21.96  16.61  23.30  12 
Liquid limit, LL%  55.85  48.14  60.34  4 
Plastic limit, PL%  27.12  25.39  28.00  4 
Plasticity Index, PI%  28.74  22.75  32.33  4 
Initial void ratio, e  0.62  0.59  0.67  3 
Bulk density of saturated material, ρwet, mg/m3  1.96  1.92  2.04  3 
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next  increment was  applied.  The  pre‐consolidation  stress was  estimated  using  logarithm 





that  the  till  is  not  heavily  over‐consolidated,  as  has  been  observed  in  other  studies  (e.g. 
Boulton and Paul, 1976; Bell, 2002). This can probably be explained by the development of 
high pore water pressures, and thus low effective stress states, beneath the glacial ice.  Bell 




























































































after  consolidation,  and  the  latter‘s  void  ratio  appeared  to  be  associated with  a  higher 
initial void ratio. However, complexities in the consolidation behaviour were also observed, 
























W02  50  0.65  0.58  0.84  0.56 
W03  75  0.80  0.56  1.02  0.55 
W04  125  1.73  0.49  2.13  0.46 
W05  175  1.48  0.51  1.76  0.49 
BPS 
E02  75  0.87  0.53  1.01  0.52 
E03  125  0.76  0.54  1.00  0.52 
E04  175  1.50  0.51  1.80  0.48 
PPR 
W06  75  0.84  0.56  1.08  0.54 
W07  125  1.17  0.53  1.32  0.52 


























































































































this study a series of  laboratory  tests was conducted using  the back‐pressured shear box 
apparatus (Table 6.3). This test allows the  determination of the consolidated drained shear 
strength of  the  till  in direct  shear.  The  test  is performed by deforming  a  specimen  at  a 
controlled strain rate on a single shear plane. Two sets of samples,  (West, samples W02, 
W03, W04, W05; and East, samples E02, E03, E04) were sheared under effective stresses of 






























Axial displacement  increases resulted  in a decrease  in void ratio, which became relatively 
stable at higher shear displacements (Figures 6.6 and 6.7). Consequently, plastic behaviour 
was observed, which  involved contractive behaviour during  the shear stage. At  the  initial 
shear  stage,  effective  stresses   of  50,  75,  125  and  175  kPa  led  to  a  corresponding  axial 
displacements of 0.84, 1.02, 2.13, and 1.76 mm, respectively, leading to a decreasing  void 
ratio  proportionate  to  applied  stresses  (e  =  0.46‐0.56).  Also,  the  changes  in  axial 









































































































































































Figure 6.7 Contractive behaviour of East  samples  (E02, E03, E04)  showing decreasing void  ratio during  the 









The effective  cohesion  and  angle of  internal  friction during  the BPS  test  can be used  to 
represent  the  strain development process of  the  till  (Table 6.4, 6.5). This process  shows 
both  samples  registering  changes  in  frictional  strength  and  effective  cohesion  at  small 





decrease  of  frictional  angle  was  found  at  a  higher  shear  displacement.  However  the 
cohesion continued to increase before becoming relatively stabilised (Figure 6.8). It should 




(Figure  6.9).  The  steepness  of  the  resulting  envelopes  increases  rapidly  at  small  shear 
displacements  (≤  4  mm).  The  derived  effective  cohesion  is  similar  at  larger  shear 






















50  75  125  175  50  75  125  175 
ƬMax  44.10  53.00  66.00  92.67  50.20  74.16  117.30  170.76  23.10  21.62  0.99 
0.5  21.21  19.68  23.53  41.26  47.74  72.77  122.00  170.47  9.70  9.20  0.77 
1  27.98  32.28  40.80  63.14  48.89  72.64  120.30  170.83  11.96  15.75  0.95 
2  35.31  41.49  55.20  82.58  49.28  72.98  119.90  170.46  13.84  21.10  0.97 
3  39.08  46.87  62.40  89.47  49.58  72.91  118.20  170.80  16.97  22.44  0.99 
4  41.68  48.98  65.60  91.28  50.41  74.09  117.70  170.72  19.13  22.50  0.99 
5  43.07  50.72  66.00  92.67  49.78  73.21  117.30  170.76  21.12  22.23  0.99 
6  44.10  52.06  65.60  92.20  50.20  73.88  115.80  170.18  22.63  21.73  0.99 
7  43.79  53.00  62.58  91.84  49.88  74.16  113.60  170.70  22.98  21.31  0.98 
8  43.08  51.03  59.25  88.69  49.66  72.80  112.30  171.43  23.16  20.19  0.97 
9  43.59  47.97  58.00  87.21  49.92  73.36  111.10  170.76  22.16  20.08  0.96 









75  125  175  75  125  175 
ƬMax  48.15  69.20  86.02  71.93  122.11  171.90  21.82  20.75  1.00 
0.5  19.73  33.54  42.94  71.16  122.42  171.47  9.48  9.06  0.78 
1  30.30  48.46  61.77  71.24  121.04  170.33  11.97  15.31  0.94 
2  37.68  62.32  78.65  71.59  121.88  170.87  14.13  20.41  0.96 
3  41.96  67.06  86.02  72.22  121.21  171.90  17.30  21.64  0.98 
4  44.17  68.48  85.20  72.21  120.95  172.87  20.05  21.49  0.98 
5  45.47  69.20  85.55  71.41  122.11  172.17  21.61  21.34  0.98 
6  47.59  69.01  85.63  72.60  120.73  172.38  23.60  20.58  0.97 
7  48.15  67.54  83.91  71.93  120.93  173.17  23.99  20.07  0.95 
8  47.39  66.50  80.85  71.25  121.48  172.98  23.74  19.09  0.93 
9  47.47  65.42  77.84  71.39  122.84  172.91  23.10  18.76  0.92 









Figure  6.8  Strain  development  during  shearing  stage  in  terms  of  effective  cohesion  and  frictional  angle. 
Frictional strength increase rapidly at the initial stage of shearing (≤ 4 mm), followed by decreasing frictional 






























































































Figure  6.9  Strain  development  during  shearing  stage  revealed  by  failure  envelopes  at  equal  strains. West 





































and  effective  cohesions  (c’)  (Figure  6.10).  The  highest  effective  frictional  angle  for  the 
sample was mobilised between   4 mm shear displacement  (for West samples) and 3 mm 
shear displacement  (for East  samples)  (Table 6.4, 6.5).  Therefore,  the effective  frictional 
strength  (ɸ’)  observed  in  the  glacial  till  samples  ranged  from  20.75°  to  21.64°,  and  the 
effective cohesion  (c’)  ranged  from 21.59  to 23.03 kPa. These shear strength parameters 
are at the low end of that of previously tested samples from the Hessle and Withernsea till 










































Effective stress, σ' (kPa)
c' = 21.57 kPa
ɸ' = 20.75°
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Importantly,  cyclic  reinflation  tests,  which  represent  non‐linear  pore  water  pressure 
reinflation  were  used.  It  should  be  noted  that  the  non‐linear  reinflation  test  used  an 
average  reinflation  rate based on  the  sinusoidal wave  form  (Figure 6.11).  The  sinusoidal 
wave  form  is similar  to  rising groundwater patterns during  reactivation  (Appendix A: e.g. 





groundwater  rates  measured  during  periods  of  accelerated  movements.  However,  the 
highest  rates  observed  during  the  accelerated  movement  (>  2  kPa/hr)  could  not  be 
simulated due  to  limitations  imposed by  the  travel distance of  the BPS apparatus  (which 
has  a maximum  of  20 mm  of  shear  displacement).  As  such,  the  hysteresis  relationship 


































Figure  6.11  The  cyclic  test  diagram  showing  three  different  sets  of  non‐linear  reinflation  tests  using  the 
sinusoidal wave form. The average reinflation rates are 0.5 (blue), 1 (gold) and 2(red)  kPa/hr. PWP increases 














W06  Reinflation failure envelope  10  40  ‐ 
W07  Reinflation failure envelope  10  55  ‐ 
W08  Reinflation failure envelope  10  70  ‐ 
W09  Point failure‐reinflation at 40 kPa  0.5  40  30 
W10  Point failure‐reinflation at 40 kPa  1  40  30 







such  it  does  not  represent  any  element  of  the  landslide  process.  In  the  PPR  tests  the 



















During  the DIS stage,  the void  ratio decreased as axial displacement  increased, similar  to 




















































































10  W06  40  2.85  1.08  0.54 
10  W07  55  1.46  1.32  0.52 
10  W08  70  1.66  1.92  0.47 
0.5  W09  40  1.92  1.08  0.54 
1  W10  40  1.40  1.11  0.54 









test  the  samples  showed  a  phase  of  weakening.  This  is  an  artefact  of  the  testing 
methodology  in which  the machine, which was optimised  for precision  rather  than high 












samples was noted during  the  reinflation processes, as  indicated by  the decreasing axial 
displacement  (Figure  6.15).  This  dilation  is  inevitable  as  the  test  is  being  conducted  by 











































































































shear  stresses. This  implied  that, given  the  sample depth  (σ’),  slopes with a  lower angle 
(lower shear stress) would sustain a high pore water pressure. Moreover, the acceleration 
towards final failure would be more sudden (Figure 6.16). 




due  to  the  higher  void  ratio.  At  the  same  time,  the  development  of  frictional  strength 















75kpa  125kpa  175kpa  75kpa  125kpa  175kpa 
0.1  39.15  54.62  69.43  51.80  76.60  116.08  16.74  24.81  0.97 
0.2  39.45  54.53  69.46  48.57  74.54  112.93  18.26  24.72  0.99 
0.3  39.32  54.36  69.42  44.94  72.39  106.29  17.03  26.05  1.00 
0.4  39.72  54.38  69.38  45.96  71.66  102.54  16.12  27.60  1.00 
0.5  39.02  54.85  69.84  44.12  74.49  102.18  15.52  28.72  0.99 
0.6  36.69  53.03  68.85  41.45  67.84  99.94  14.64  28.61  0.99 
0.7  36.55  52.84  68.43  41.80  67.35  99.91  14.60  28.04  0.99 






















































































a  critical  strain  rate  (Table  6.8  and  Figure  6.16).  In  this  research,  the  failure  envelope 




sample).  Moreover,  due  to  the  increasing  PWP  that  causes  greater  separation  of  clay 
particles,  the effective cohesion  is  lower  than  those determined  from  the BPS  tests  (21.57 
and 23.09 kPa). The implications of these results will be discussed in Chapter 7.  
 
Figure  6.18  Reinflation  failure  envelopes  defined  by  the  stress  conditions  at  the  strain  rate  of  0.4  μs/hr 
derived from three PPR tests at shear stresses of 40, 55 and 70 kPa (blue dots). The corresponding strength 
paramenters are ɸ' = 28.72° and c' = 15.52 kPa. For comparison the mean failure envelope (BPS) derived from 
































against  time  revealed  a  behaviour  separated  into  three  phases  –  transient  (primary), 
steady‐state  (secondary)  and  accelerating  (tertiary)  movement  (Figure  6.19).  Initially, 
displacements  increased at a decreasing displacement rate after  the  target stresses were 
reached after approximately 1000 (τ = 40 kPa), 4,000 (τ = 55 kPa) and 12,000 (τ = 70 kPa) 
seconds  (i.e.  primary movement).  The  transition  from  primary movement  to  secondary 
movement appeared to occur thereafter during short periods ‐ between 1,000 ‐ 2,000 (τ = 
40  kPa);  4,000  ‐  10,000  (τ  =  55  kPa);  12,000  –  16,000  (τ  =  70  kPa)  seconds, when  the 
displacement rate began to  increase at a relatively constant rate. However, displacement 
rates vary significantly, probably indicating changes in the local structure of the sample.  It 
should  be  noted  that  Varnes  (1982)  suggested  that  secondary  creep  results  from 
concurrent processes of primary and  tertiary creep. Finally, during  the  tertiary stage,  the 
displacement rates accelerate with time, and lead to failure. For samples at a higher normal 
effective  stress, higher acceleration  rates were noted and  the  failure occurred at a  later 
point. 
 
The acceleration to  failure has been explored by plotting the  inverse displacement rate  (Δ) 
against normal effective stress and against time – a so‐called Saito analysis. These plots show 








































(b)  at  the  reinflation  rate  of  10  kPa/hr  with  constant  shear  stresses  of  40,  55  and  70  kPa.  The  plastic 



























































































































































































































































(a),  1(b),  and  2(c)  kPa/hr.  Decelerations  are  found  at  the  initial  stage  of  increasing  PWP,  followed  by 



































































































Figure 6.22 Plots of displacement  rate over  time under  reinflation  rates of 0.5  (a), 1(b), and 2(c) kPa  / hr. 













































































































































































































The  material  properties  of  two  sets  of  samples  collected  from  the  study  site  can  be 
characterised  as  ‘Fine‐Silt’, with  less  than  10%  of  particles  larger  than  2 mm.  They  are 
largely composed of silt (typically 71‐75%), with about 21‐29% clay and less than 10% sand. 
According to the Atterberg  limits, the soil samples can be classified as  ‘Inorganic clays’ of 




The  soil  strength  parameters mobilised  during  the  BPS  and  PPR  tests,  in  terms  of  the 




controlled  reinflation  (PPR)  tests  was  found  in  the  development  of  cohesion.  The  BPS 



















mechanisms  of  movement  currently  operating.  In  so  doing,  the  patterns  of  landslide 
movement and the nature of the relationship between the displacement rate and groundwater 
are examined. The TLS data has revealed the overall pattern of movement across the slope, 
to  reveal  the deformation effects brought about by  rainfall, changing groundwater  levels 
and marine  action.  Furthermore,  the  TLS  helped  to  locate  and  identify  areas  for more 
detailed field monitoring, which has in turn allowed analyses of slow (i.e. post‐failure creep) 
and  accelerated  movements  (i.e.  reactivation).  Whilst  the  ‘where’  and  ‘how’  of  these 
landslides  have  been  addressed  by  the  TLS  and  field  monitoring,  the  ‘why’  has  been 










to occur as a  result of a  triggering  factor  (i.e.  rainfall) and  toe erosion caused by marine 
activity.  This  study  has  been  extremely  fortunate  in  that  the  unusually  wet  period  in 
2011/2012  led  to a  large number of  landslide movement events. The morphology of  the 
landslide  includes  rotational/translational  slides  (zone  A), mudslides/mudflows  (zone  B), 
blockfalls (zone C), topples and gullies (zone D) (Figure 7.1). The observed distribution and 
complexity of change across  the whole cliff  face  suggests  that environmental conditions, 
marine erosion, rainfall and material properties dictate the nature of landsliding.  
 
The  cliffs  at Upgang have  a  very  complex morphology  that has developed  as  a  result of 
mass wasting  processes.  This  complex  topography  is  likely  to  result  in  a  highly  complex 
groundwater  system.  Therefore,  the  role  of  groundwater  in  controlling  the  mass 
movements will  differ  greatly,  for  example  showing  considerable  variation  between  the 
upper or lower sections of the cliff. Importantly, the type of materials from which the slope 
is composed has a significant  impact on  the variation  in  failure mechanism. For  instance, 
the upper section of the cliff, which is made up of the Hessle till (weathered till), has been 
shown  to be especially  susceptible  to  shallow  landslides. The  section of weathered  till  in 
zone A (see Figure 4.2‐4.5: Landslide B3) shows shallow rotational landslides, which are less 
than 3 m  in depth. These  landslides were  triggered by rainfall and were very sensitive  to 
seasonal  changes. The mudslides were often  reactivated due  to high groundwater  levels 
developed along pre‐existing shear surfaces.  
 
Similar  variations  in  failure  type  are  evident  throughout  cliff  sections  composed  of 
Withernsea  till  (middle  part  of  the  cliff).  Here,  in  Zone  B,  mudslides/flows  occurred 
predominantly and moved downslope to the toe of the cliff. Such movements explain the  loss 










Lastly,  the  Skipsea  till,  the  lower  glacial  till  is  at  the  base  of  the  cliff.  Rain‐induced 
earthflows from zones above were observed to be contributing to the accretion. However 
the material was  lodged  in  this  position  temporarily  before  being washed  away  by  the 








Figure 7.1 Cross  section of A‐A’ of  landslide B3 based on  terrestrial  laser  scanner data presents  landslide 
morphology arising  from coastal erosion. a) Pattern of  landslide geometries and  failure mechanism  is here 
presented by the monthly changes between 21st August and 19th October 2012.  b) Cross section A‐A’ showing 
high activities of  landslide movement from upper to  lower parts of the cliff with a variety of  landslide types 
















































































of  lithologies.  Also,  a  significant  level  of  landslide  failures  occurred  as  a  result  of  the 































movements  in  the  stepped  topography  due  to  variable  view  angles  onto  the  surface. 








The  characteristics  of  surface  change  across  the  cliff  demonstrate  that  the  landslide 
morphology  is  controlled  by  a  main  triggering  factor  –  rainfall.  However,  a  detailed 
understanding of the controls on landslide dynamics is still unclear. Therefore, this section 
focuses upon  the  in‐situ monitoring data, which was collected  from  the upper section of 
the cliff,  in order  to evaluate  the hydrological  factors  that control  the movements of  the 
landslide. To achieve  this, a detailed  statistical analysis has been undertaken  to  consider 
the  influence of, and  relationships amongst, various parameters. 12 discrete accelerated 
movement events defined by a minimum movement threshold of ≥ 0.2 mm/hr in response 
to  hydrological  factors  form  the  focus  (Table  7.2),  for  which  correlation  and  multiple 
regression  analyses  have  been  applied.  All  variables  including  a  dependent  (i.e.  the 
maximum  displacement  rate)  and  independent  variables  (e.g.  groundwater  and  rainfall) 
were transformed to a normally distributed variable to allow a multiple regression model 
to be run with confidence. Potential transformations include taking log, the square root or 
raising  the  variable  to  a  power were  tested  using  the  ladder  command  (STATA) which 





Y = α + β1 X1 + β2 X2+...+ βn Xn                 Equation 7. 1 
 














Displacement rate (mm/hr)  Groundwater, Gw (m)  Rate of change of groundwater (m/hr)  Precipitation (mm)  Total change from 
maximum to 
minimum (m) Mean  Std.  Min.  Max.  Mean  Std.  Min.   Max.  Mean  Std.  Min.   Max.  Max.  Total  Duration 
2  26/08/2011 ‐ 1/09/2011  154  13.399  0.100  0.044  0.012  0.200  4.905  0.140  4.317  4.987  0.004  0.014  ‐0.007  0.115  10.40  36.60  18  0.670 
4  14/10/2011‐14/11/2011  740  176.573  0.239  0.369  0.010  1.914  4.556  0.110  4.312  4.780  0.000  0.005  ‐0.032  0.017  3.20  29.00  43  0.467 
6  15/12/2011‐09/01/2012  608  148.944  0.245  0.163  0.041  0.808  4.426  0.139  4.095  4.770  0.001  0.010  ‐0.050  0.114  2.80  20.00  32  0.675 
8  29/04/2012‐ 05/05/2012  133  74.464  0.609  0.894  0.014  4.697  5.426  0.105  5.254  5.555  0.000  0.010  ‐0.011  0.071  0.20  1.20  6  0.301 
9  10/05/2012 ‐15/05/2012  104  61.470  0.647  0.414  0.014  1.778  5.445  0.122  5.175  5.622  0.001  0.011  ‐0.020  0.064  0.40  2.00  8  0.447 
11  22/06/2012‐ 28/06/2012  144  74.227  0.603  0.447  0.019  1.658  5.269  0.074  5.149  5.387  0.000  0.006  ‐0.012  0.019  1.40  13.20  32  0.238 
12  28/06/2012‐ 04/07/2012  144  69.736  0.659  0.563  0.014  2.211  5.240  0.067  5.096  5.372  0.000  0.010  ‐0.019  0.071  3.40  15.20  16  0.276 
14  6/07/2012 ‐ 10/07/2012  91  105.801  1.259  1.126  0.024  3.951  5.642  0.296  5.146  6.358  0.002  0.045  ‐0.042  0.221  7.20  11.40  16  1.212 
15  10/07/2012 ‐13/07/2012  66  124.774  1.918  1.102  0.058  3.917  5.525  0.162  5.249  5.795  0.000  0.034  ‐0.018  0.203  1.80  10.20  15  0.546 
17  21/11/2012‐  23/11/2012  63  16.952  0.292  0.149  0.014  0.583  5.105  0.065  5.005  5.238  0.004  0.009  ‐0.018  0.034  1.80  11.80  15  0.233 
19  24/11/2012‐02/12/2012  185  309.669  1.721  1.678  0.029  6.272  5.773  0.342  5.198  6.501  0.001  0.041  ‐0.079  0.283  3.00  45.00  60  1.303 




In  this  analysis,  the  relationship  between  the  maximum  displacement  rate  (i.e.  the 
dependent  variable)  and  the  hydrologic  parameters,  such  as  groundwater  level  and 
precipitation  (i.e.  the  independent  variables),  is  considered.  Various  derivatives  of  the 




precipitation  totals  and magnitudes were unusually high  for  this  location).  The  standard 
deviation  values of  groundwater  variables were  included  to  reflect  the  variability of  the 
groundwater. Total, maximum and rainfall duration represent the cumulative rainfall, the 
maximum  hourly  rainfall  in  a  period  and  the  total  rainfall  hour,  respectively.  These 
parameters  have  been  transformed  to  normally  distributed  variables  in  terms  of mean, 
standard deviation of  the mean  (Std) and  the maximum  (Max)  in each parameter  (Table 




Dependent variables  ID code Units Transformation  chi2 P(chi2)
Maximum displacement  rate  R mm/hr square root  0.79 0.673
Independent variables   
1.Maximum groundwater  Max.Gw m 1/square  0.04 0.978
2.Mean groundwater  Mean.Gw m cubic  0.66 0.718
3. Std.Dev. groundwater  Std.Gw m 1/square root  0.61 0.738
4. Maximum groundwater rate  Max.GwR m/hr square root  1.36 0.507
5. Mean groundwater rate  Mean.GwR m/hr Identity  3.53 0.171
6. Std.Dev groundwater rate  Stdv.GwR m/hr inverse  0.23 0.891
7.Change of groundwater  C.Gw m log  0.82 0.664
8.Maximum rainfall  Max.Rain mm square root  2.38 0.305
9.Total rainfall  T.Rain mm square root  0.19 0.910






Max.Gw M.Gw M.Gwr Max.Gwr Max.Rain Std.Gwr Std.Gw T.Rain C.GW D.Rain























The  nature  of  the  relationship  between  the  landslide  displacement  rate  and  the 
independent  variables  has  been  summarised  in  terms  of  the  correlation  coefficient  (r‐
value), and plotted  in Figure 7.2, by order of correlation significance,  irrespective of sign. 










In  general,  most  of  the  independent  variables  have  a  negative  relationship  with  the 
maximum  landslide displacement rate  (R), most notably  the maximum groundwater  level 
(Max.Gw).  An  increase  in  groundwater  level  leads  to  an  increase  in  displacement  rate.  
However the maximum displacement rate is observed and then decline when groundwater 
level  remains  high.  This  is  probably  associated with  a  change  in  the  rate  of  change  of 
groundwater. This shows a negative relationship between the maximum displacement rate 
and the maximum groundwater level. This is consistent with field observations for periods 









The  landslide  displacement  rate  is  also  negatively  related  to  the  maximum  rainfall 
(Max.Rain) and other rainfall factors such as the total magnitude of rainfall (T.Rain). This is 
probably due to the lag time between rainfall and groundwater response. Conversely, three 
variables  (i.e.  mean  groundwater  (M.Gw),  maximum  rate  of  change  of  groundwater 
(Max.Gwr)  and  total  change  from  minimum  to  maximum  groundwater  level  (C.GW)) 




In  order  to  gauge  the  strength  of  the  correlation  and  degree  of  explained  variability 
produced by the regression model, Pseudo‐r² values generated  in a simple regression are 
conventionally used (Clark & Hosking, 1986; Parker, 2009), as opposed to a single r value. 
These  measurements  have  been  proposed  as  an  equivalent  statistic  to  evaluate  the 
goodness‐of‐fit  of  regression models  (Long,  1997).  Thus,  the  Pseudo‐r²  values  of  each 
variable  have  been  compared.  The  regression  is  calculated  for  each  variable  using  a 
regression equation, which starts with a simple regression between the displacement rate 
and the Max.Gw, upon which multiple regressions are undertaken by incrementally adding 
more  variables  into  the model.  The  Pseudo‐r²  values  are  shown  in  Figure  7.3.  The  key 
independent  variables  controlling  the  landslide  displacement  rate  is  simplified 
incrementally by removing less significant independent variables.  As shown in Figure 7.3a, 




variables  used  in  the  optimum  landslide  regression  model  are  core  to  controlling  the 




maximum  groundwater  level  (Max.Gw),  the  maximum  hourly  rainfall  or  magnitude  of 
rainfall  (Max.Rain)  and  rainfall  duration  (D.Rain),  filed  monitoring  data  suggest  that 
groundwater increases lead to increased displacement rate, and the temporary fluctuation 
of  groundwater  is  controlled by both  the magnitude  and duration of  rainfall. Moreover, 
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variables  Coefficient (β)  Standard error  t  P>|t|  Beta (b)  VIF 
Max.Gw  ‐70.944  12.376  ‐5.73  0.0001  ‐0.718  1.20 
Max.Rain  ‐0.277  0.135  ‐2.04  0.076  ‐0.338  1.19 
D.Rain  0.172  0.183  0.94  0.373  0.182  1.02 
_cons (α)  3.897  0.809  4.81  0.001  ‐  Mean VIF  1.14 
Note:  the  Variance  Inflation  Factor  (VIF)  value  is  associated with  collinearity, with  VIF  <  5  indicating  the 
independent variables are less correlated with each other (O'Brien 2007). 
 
According  to  Gujarati  (1995:  244  ‐  250),  the  "F  value''  and  "Prob(F)''  statistics  test  the 
overall  significance  of  the  regression  model.  Specifically,  they  test  the  null  hypothesis 
that all of the regression coefficients are equal to zero.  This tests the full model against a 
model with no variables and with the estimate of the dependent variable being the mean 
of  the values of  the dependent variable.  The F value  is  the  ratio of  the mean  regression 
sum of squares divided by the mean error sum of squares.  Its value will range from zero to 
an arbitrarily large number. The value of Prob(F) is the probability that the null hypothesis 
for  the  full model  is  true  (i.e.,  that  all  of  the  regression  coefficients  are  zero). For  this 









A coefficient of determination  (r²)  is usually defined as  the proportion of variance of  the 
response  that  is  predictable  from  (can  be  explained  by)  the  independent  variables.  This 
indicates  the  strength  of  the  impact  of  the  hydrological  variables  on  the  maximum 
displacement  rate.  Table  7.4  shows  r²  =  0.63,  indicating  that  63%  of  the  maximum 
displacement rate can be explained by Max.Gw, Max.Rain and D.Rain. The Max.Gw has a 
negative  relationship  (β  =  ‐70.944)  and  is  strongly  significant  (b  =  ‐0.718).  The  negative 
relationship  is  also  found  in Max.Rain  (β  =  ‐0.277),  but  the model  strength  is  less  than 
Max.Gw  (b =  ‐0.338). The negative relationship between displacement rate and rainfall  is 
probably  associated  with  time.  For  example,  the  increased  rainfall  has  resulted  in  a 
significant  increase  in  the number of  landslides,  represented by high displacement  rates. 
However,  there  is a  lag  time  (1  ‐ 2 hours) between  rainfall and groundwater, which has 
affected  landslide  movements.  Conversely,  when  the  rainfall  continues,  the  landslide 
displacement rate increases proportionately with the duration of rainfall (D.Rain). In order 
to  check  the  degree  of  correlation  among  several  independent  variables,  the  Variance 
Inflation  Factor  (VIF)  has  been  calculated.  The  VIF  values  show  little  correlation  among 
independent variables (Mean VIF = 1.14). This suggests that the regression model has  less 




been  derived.  In  a  sense,  the  residuals  represent  the  degree  of  failure  of  the model  to 
predict a given data value. Therefore, the residuals provide a wealth of information on the 
quality of the analysis. As shown in Figure 7.4a, the residuals plotted against the predicted 
values  show  a  random  pattern,  indicating  that  the  model  is  reasonable  and  has  no 
















































predicted  displacement  rates  derived  by  applying  the  regression  model.  As  discussed 
earlier, 63%  (r² = 0.63) of  the maximum displacement  rate can be explained by Max.Gw, 
Max.Rain and D.Rain. Thus,  the R model  suggests  that  there are other additional  factors 
besides  the  current  regression  parameters, which  also  have  an  impact  on  the  observed 
displacement  rate,  in addition  to an  inevitable  level of  inherent variability  in  this natural 
system. Such additional factors may be related to the deformation of the material along the 
slide plane, or  local heterogeneity  (as discussed  in  section 7.2). Taking  these  factors  into 
consideration may  then  lead  to  a more powerful model  from which  landslide behaviour 








1 14 5 9 8 3 10 13 12 7 18 16
Field data 0.20 0.58 0.81 1.66 1.78 1.91 2.21 3.92 3.95 4.70 4.76 6.27





























Following  the  previous  section  on  the  statistical  analysis  of  the  controls  on  landslide 
displacement,  this  section  examines  the  mechanisms  and  processes  of  landside 
deformation.  The movement  patterns  of  a  landslide  in  the  post‐failure  phase,  including 
slow movement (post‐failure creep) and accelerated movement (reactivation), observed in 







The  slow movement  of  the  Upgang  cliff  can  be  interpreted  as  post‐failure movement 
(Hutchison, 1988). Clearly in this case the initial failure events occurred prior to this study.  
The monitoring records show that the displacement of landslide mass after an initial slope 
failure  is  very  slow  (0.06  ‐  <  2 mm/hr),  as  indicated  by  the  creeping  behaviour.  Slow 
movements  occurred  in  periods  of  varying  rainfall  durations  (>  20  hrs)  with  a  low  to 
medium magnitude (maximum hourly rainfall of 1‐4 mm) (Table 7.5) over a time period of 
31‐73 days, as can been seen in the two examples of slow movement in Figures 7.6 and 7.7. 
Under  such  rainfall  conditions,  this  movement  is  probably  associated  with  a  lower 
groundwater level than that of accelerated movements (average groundwater level of slow 
movement ‐ about 4.83 m v average groundwater  level of accelerated movement ‐ about 
5.05 m). Moreover,  slow movements occur within a narrower  range of  the  variability of 
groundwater  level  (Std.Dev = 0.27 m)  than accelerated movements  (Std.Dev = 0.543 m). 
Accelerated movements  are  associated with high  groundwater  levels  (Figure 7.6),  in  this 
case  the accelerated movement occurred between 26th August and 9th September 2011.  
The rate of  increase of groundwater was high  (peak rate of 0.1 m/hr) due  to  the  intense 






change.  In  Period  2,  a  rapid  increase  in  groundwater  fluctuation  occurred  over  a  short 
period of time. However, after the groundwater declined, it was lower than the peak level 
(4.98 m), but is still considered high (approximately 4.7 m).  This occurred over a prolonged 
period  of  time  resulting  in  the  landside mass  undergoing  creeping  behaviour.  Another 
example  can  be  seen  in  Periods  5  and  6  (Figure  7.7).  Groundwater  declined  over  a 
prolonged period of time between 14th November 2011 and 15th December 2011 (31 days) 
resulting in the landside mass undergoing creeping behaviour. However, a rapid increase in 
groundwater  from  4.1 m  to  4.8 m  occurred  over  25  days  (15th December  2011  to  09th 
January 2012). The resultant accelerated movement occurred as a reactivating behaviour. 
These  two examples  suggest  that a period of predominantly  slow movement, which was 
followed by a period of accelerated movement, was possibly related to plastic deformation. 










Mean  Std.Dev.  Min  Max  Mean  Std.Dev.  Min  Max 
1. Total hour of event period (hr)  208.08  222.88  63  740  1,043.250  495.524  653  1,751 
2. Displacement (mm)  101.648  82.081  13.399  309.669  10.765  6.086  4.745  19.130 
3. Displacement rate (mm/hr)  0.906  0.998  0.200  6.272  0.009  0.029  ‐0.079  0.142 
4. Groundwater (m)  5.053  0.543  4.287  6.501  4.827  0.270  4.021  5.408 
5. Groundwater rate (m/hr)  0.001  0.019  ‐0.079  0.283  0  0.006  ‐0.092  0.037 
6.Change of groundwater (m)  0.541  0.374  0.177  1.303  0.523  0.138  0.370  0.680 
7. Max. precipitation (mm)  3.08  2.94  0.20  10.400  2  1.13  1.20  3.600 
8. Duration precipitation (hour)  22.750  16.001  6  60  39.500  26.40  21  77 
9. Total precipitation (mm)  16.670  13.736  1.200  45  20.500  17.574  8.800  46.400 
 
Note: Std.Dev shows how much variation exits from the mean: a  low Std.Dev  indicates that the data points 
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groundwater  (m) and groundwater  rate  (m/hr) against  time; c) Plot of cumulative  rainfall  (mm) and hourly 
rainfall  (mm) over the entire monitoring period.  In Period 2, accelerated movement occurred between 26th 



































































































4086000 4088000 4090000 409200013/11/11                    03/12/2011                   23/12/2011                   12/01/2012
Period 5 Period 6
2 1
13/11/11                    03/12/2011                   23/12/2011                   12/01/2012

























groundwater  (m) and groundwater  rate  (m/hr) against  time; c) Plot of cumulative  rainfall  (mm) and hourly 
rainfall  (mm)  over  the  entire monitoring  period.  Period  5  ‐  long‐duration  slow movement  that  occurred 
between 14th   November 2011 and 15th December 2011 when  the groundwater declined, and  followed by 
Period 6 ‐  long‐duration accelerated movement that occurred between 15th December 2011 and 09th January 








1996).    This  type of movement  is  characterised by  increased displacements  (here  in  the 
range  of  13.39  –  309.67  mm)  over  a  short  period  of  time  in  response  to  increased 
groundwater levels (approximately 2 – 30 days). Due to a rapid and continuous increase in 
the void ratio  in relation to high groundwater  levels and high fluctuations  in groundwater 
rate,  the  effective  stress  on  the  shear  surface  became  particular  low,  leading  to  high 
deformation of  the  landslide mass. This can be  seen  in  the  four examples of accelerated 
movements  responding  to different groundwater patterns  in Figure 7.8. Three phases of 
groundwater change were observed in the reactivation process:  
 






















Where  the  soil  extends,  fissures  develop  leading  to  rapid  infiltration  and  drainage. 
Consolidation of  the  shear band may  lead  to  strength  regain,  reducing  the  likelihood of 
reactivation  (Angeli  et  al.,  2004).  The  accelerated  movement  is  consistent  with 
observations  at  several  reactivated  landslides  including  the  translational Utiku  landslide 
(Massey et al., 2013), the Tessina landslide (Petley et al., 2005) and mudslide accelerations 
on the Dorset coast (Allison and Brunsden, 1990). Importantly, it is easier to infiltrate water 
into the soil than  it  is to drain from  it.   So groundwater responds quickly to heavy rainfall 
(rapid  rises)  and  also  receives water  from  inland  (slow  increases).  Groundwater  drains 
vertically, which  is difficult  (slow declines), and the  landslide movement responds to this. 
Data  collected  here  suggests  that movement  consists  of  two  components  –  a  transient 
component  caused  by  strain  development  during  rapid  stress  change  (i.e.  when 
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the  Saito  analysis  (Petley  et  al.,  2002)  (Figure  7.9).  This  suggests  that  the  reactivated 
movements of the landslide are ductile / plastic in nature, as expected. The PPR tests were 
designed to explore this behaviour.  In this study, the PPR test results  indicate that plastic 
yield can be determined by the  initiation of movement  in terms of effective stress.  In the 










with  the  increasing  volume of pore  fluid  that  resulted  in  reduced  contacts between  soil 
particles.  As  a  result  of  the  shearing  and  subsequent  rearrangement  of  the  material 
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against effective  stress  showing  the  initiation of movement,  indicating plastic yield. b) Plots of displacement  rate against effective  stress and c) Plots of  Δ against 








the  PPR  tests,  which  indicates  that  the  soil  behaviour  is  affected  by  large  void  ratio 
increments  under  a  non‐linear  pore water  pressure  increase.  This  effect  is  clearly  seen 
when  comparing  the  three different  reinflation  rates examined  (i.e. 0.5, 1 and 2  kPa/hr) 
(Figure 7.11). At the initial stage of increasing pore water pressure on soil samples, as can 
be seen from Figure 7.11, there  is no dilation. However, dilation occurred sometime  later 
(after  approximately  50,000  seconds)  at  higher  effective  stresses.  This  behaviour  was 




particles.  In  other  words,  landslide movement  is  very  slow,  probably  because  the  soil 




Once  the  yield  stress  was  exceeded  (at  60  kPa  effective  stress),  rapid  dilation  was 
established  leading  to  the  soil  samples  having  a  large  change  in  void  ratio.  The  rapid 
dilation was attributed to ‘localised sliding’ where the inter‐particle contacts were reduced, 
to the extent that some particles began sliding past each other (Ng, 2007). However, as the 
majority  of  particles  remained  interlocked,  the  slip  movements  were  restricted.  This 
localised sliding was observed in all three reinflation rates (0.5, 1 and 2 kPa/hr) as effective 
stress was decreased  further. Finally, a  rapid and continuous  increase  in  the void  ratio  is 




































rate. On  the other hand, Period 4  is synonymous with  the strain development under  the 
reinflation rate of 0.5 kPa/hr, which  leads to  ‘generalised sliding’, with a  longer period of 
























stress.  ‘Push  and  climb’  samples  developed  slow  dilation,  indicating  less  permeability.  Localised  sliding 
(between 50 and 60 kPa of effective  stress),  rapid dilation established  leading  to  soil  samples having high 
permeability due to a high void ratio. Generalised slide (up to 50 kPa) can be seen clearly  in the reinflation 







The purpose of  this  section  is  to discuss  the  short‐term movement patterns  recorded by 






slow movements or accelerated movements  in  response  to changing groundwater  levels. 
The observed movements are  illustrated  in the conceptual graph  in Figure 7.12. A typical 
post‐failure  cycle  as  reflected  by  data  collected  usually  exhibits  slow movements  for  a 
prolonged period at  the outset  (Phase A), before developing  into a  series of accelerated 
movements. These accelerated movements alternated with slow movements as a response 
to increasing groundwater (Phase B). Subsequently, occurrences of accelerated movements 
























































































Figure 7.12 Conceptual graph plotting both cumulative displacement  (mm) and displacement  rate  (mm/hr) 
against  time  (hours  and days).  The  graph  illustrates  a movement pattern of  shallow  re‐active  landslide  as 
represented  by  the  Upgang  landslide.  Three  types  of  landslide  movements  are  observed,  which  are 
accelerated movements  (1), slow movements  (2) and no movement  (3),  indicating reactivation, post‐failure 
creep  and no movement  behaviours.  The  cumulative displacement  is depicted  as  a  stepped  graph  as  the 








data  including  displacement,  groundwater  and  rainfall  were  plotted  as  can  be  seen  in 
Figure  7.13.  During  the  initial  period  (Phase  A),  deformation  is  dominated  by  slow 




with  plastic  deformation  of  the  landslide  mass,  possibly  indicating  a  progressive 
disaggregation  of  landslide  blocks.  Steady  state  creep,  such  as  this,  has  been  noted 
elsewhere  (see  for  example Massey,  2011  for  the Utiku  landslide  in New  Zealand).  The 
implication of the movement record is that in this case deformation is not rotational – i.e. 
that  a  different movement mechanism  is  occurring.  In  keeping  with Massey  (2011),  it 




slow  movements).  The  deformation  shows  an  increasing  displacement  consisting  of 
alternate accelerated and slow movements, but with total displacement being dominated 
by  the  former.  The  total  displacement  in  Phase  B was  approximately  372 mm  and  the 
displacement  rates  (0.2 – 1.9 mm/hr) were associated with periods of heavy  rainfall  (the 
maximum hourly rainfall was about 1.20 ‐ 10.40 mm). The accelerated movements involved 
a slip along a part of  the pre‐existing basal shear surface as  the  reactivation of  failure at 
residual strength. This mechanism  is associated with ductile deformation as shown by the 
asymptotic  trends  in Section 7.4.2, which  is  related  to  the variation  in groundwater  level 
(maximum groundwater level of about 4.70 – 4.99 m) (Kalaugher et al., 2000; Van Asch et 
al., 2007;  and Massey et  al., 2013).  This movement pattern has been observed  in other 
landside systems as  ‘graded movement’  (Allison and Brunsden, 1990), which  is related to 
seasonal  fluctuations  of  pore  water  pressure.  Similarly,  the  accelerated  movements 








Finally,  in Phase C, deformation  is dominated by accelerated movements, which are  large 




groundwater  level  (maximum  groundwater  level  about  5.24  –  6.50 m).  The  accelerated 
movement pattern  is  shown  as  a  series of  larger displacements during periods of heavy 
rainfall,  as  a  continuous  acceleration  or  ‘surge’  (Allison  and  Brunsden,  1990).  The 
movement  is more  rapid when  responding  to  rapid  increases  in groundwater associated 
with  prolonged  and  intensive  rainfall  periods  (e.g.  periods  14,  15  and  19).  For  instance, 
continuous accelerated movements occurred over only a  short period of  time. Two  such 





in  Period  19,  the  prolonged  period  of  accelerated  movement  was  due  to  the  longest 
prolonged  continuous  rainfall  period  (60  hours).  Consequently,  increasing  groundwater 
reached  the  ground  surface  leading  to  low  effective  stress  on  the  shear  surface.  This 
resulted in the greatest displacement (309.66 mm) recorded and a maximum displacement 
rate  of  6.27  mm/hr.  It  should  be  noted  that  this  happened  towards  the  end  of  the 
monitoring  period.  This  may  mean  the  toe  of  the  landslide  block  has  transitioned  to 
become a mudslide. This can be observed in the TLS monitoring data (Chapter 4, Figure 4.2‐
4.5; Landslide B3) as  the pattern of deformation changed month by month,  showing  the 






strength, probably through rapid  increases  in groundwater  level at the basal zone  leading 
to a water content that is above the plastic limit (Petley et al., 2005).  
 
However,  some  periods  of  no  movement  were  observed  during  reactivation.  The 
displacement  data  suggest  that  there were  times when  the  landslide was  not moving, 
probably periods when  the movement  is comparable  to  the precision of  the  instrument. 
This can be observed in short periods of downslope movements (positive values) with very 
low mean displacement rate nearly or equal zero (e.g. Period 13, 18 and 20). However, long 
periods  of  apparently  upslope movements  (negative  values)  are  clearly  anomalous  (e.g. 
Period 10 and 16). As the instrument poles on the ground were not deep, seasonal changes 
in the  location may be amplified by the tilting of these poles  in response to near surface 
shrinkage  and  swelling  of  the  ground  caused  by,  for  example,  changing  soil moisture. 
Accordingly,  the  soil  is  inorganic with  clays of medium‐high plasticity with a high  shrink‐














































Figure 7.13 Patterns of post failure  landslide movements based on field monitoring data between March 2011 and December 2012 presented  in three periods  (Period A, B and C). a) Graph of cumulative displacement  (mm) and displacement rate 
(mm/hr); b) Graph of groundwater (m) and groundwater rate (m/hr); c) Graph of cumulative rainfall (mm) and hourly rainfall (mm) over the entire monitoring period. Period A is dominated by slow movement. This is due to low groundwater levels.  
Period B  ‘graded’ movement  is alternated by accelerated  (1) and slow  (2) movements,  indicating reactivation and post‐failure creep behaviours. Period C  is dominated by accelerated movements  (1) but has some periods of no movement  (3). The 
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Massey et al., 2013).  In each case  it has been noted that there  is complexity  in this non‐
linear relationship. Generally the relationship between groundwater and displacement rate 
shows a marked hysteresis, with the movement rate during  increasing groundwater  level 








were  observed, with  both  clockwise  and  anti‐clockwise  hysteresis  loops.  The  clockwise 
pattern (in which movement rate declines before groundwater level starts to decline) is 
a  common pattern  that  is  found elsewhere  for  similar materials  (e.g. Van Asch et al., 
2007; Massey et al., 2013). However, anti‐clockwise patterns (in which movement rates 
remain  high  as  groundwater  levels  decline)  are  only  occasionally  observed  (e.g. 
Corominas  et  al.,  2005;  Gonzalez  et  al.,  2008; Matsuura  et  al.,  2008),  generally when 
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of  the  translational Utiku  landslide, New Zealand  (Massey et al., 2013) and  those of  the 
complex  landslide  in  the  French  Alps  studied  by  Van  asch  et  al.,  (2007).  These  two 
landslides  are  composed  of  a  clay  matrix,  which  resulted  in  a  clockwise  pattern  of 
hysteresis between landslide displacement and groundwater (Table 7.6). 
 




1) Rate‐induced changes  in  shear  strength of  the  slip  surface  (i.e. a dynamic  rather  than 
static  frictional  resistance),  caused by a  rearrangement of  the  clay particle bonds during 
shearing (Massey, 2010; 2013);  
2)  Consolidation  of  the  shear  band  during  movement  leading  to  strength  regain,  and 
attenuation of the likelihood of reactivation (Angeli et al., 2004);  
3)  Progressive  changes  in  landslide  geometry  (e.g. mass  transfer),  debuttressing  of  slide 
blocks, and  shear  resistance developed along  the  landslide  flanks and between  the  slide 
blocks may also control the movement arresting processes (Morgenstern, 1995; Ferrari et 
al., 2011); and,  
4)  Viscosity  functions:  once movement  is  triggered  the  landslides move  as  visco‐palstic 









































































Conversely,  due  to  the  increasing  groundwater  nearly  reaching  (Period  15)  or  having 
reached  the  ground  surface  (Period  19),  two  periods  of movement  (Periods  15  and  19) 
register  an  ‘anti‐clockwise’  pattern.  The  accelerated movements  occurred  in  response  to 
higher rates of groundwater  increase and higher rainfall magnitudes. This possibly causes 
the  soil material  to  be  largely  restructured  due  to  particle  rearrangement  under  shear, 
leading the soil to transform to a more plastic behaviour. As a consequence, the movement 
rates  remain  high  as  groundwater  levels  decline  as  landslide movement  adopts  an  anti‐
clockwise  pattern  (strain  softening)  due  to  ongoing  deformation  of  landslide  mass. 
According to Prévost and Höeg (1975), plasticity theory can be used to explain the strain‐
softening  behaviour  in  soil. Work  is  done when  the  zone  of  plastic  yielding  in  a  strain 
softening material expands during continued yielding. When the incremental external work 





to  the  progressive  landslide  development  of mudslide/flow  (Chapter  4,  Figure  4.2‐4.5). 
Moreover,  this  can  be  confirmed  with  photographs,  as  seen  in  Figure  7.16.  The 
photographs  show  the  development  of  transverse  cracks  at  the  toe  of  the  reactive 
landslide  during  wet  periods  (i.e.  March  2011,  July  2012).  Usually,  an  ‘anti‐clockwise’ 
behaviour can be found in brittle materials or weak rocks, such as fragments of broken rock or 
bedrock, as can be  seen  in  the examples  in Table 7.6  (Matsuura et al., 2008  ‐  landslide  in 
Japan; Gonzalez et al., 2008 ‐ Vallcebre landslide in Spain). However, as the discussion above 
has shown, such behaviour can also be observed at  the glacial  till, despite  it being primarily 
composed of clay.   
 









ground  surface,  leading  to  increasing  displacement.  At  this  stage,  it  presented  a  clockwise 
pattern. When  the  groundwater  dropped  the  rate  of  displacement  continued  to  increase, 































were applied  in order  to  replicate  the  field  stress  conditions of  the  reactivated  landslide 
(Figure  7.17).  The  developments  of  displacement  rate  respond  to  increasing  pore water 
pressure in three ranges of PPR tests. All PPR tests illustrated the deceleration phase at the 
beginning of  the  tests due  to  the  increase of pore  fluid  in  the  sample. The displacement 
rates accelerated in response to the increase of pore water pressure as void ratio increased 
significantly  in  relation  to  low effective  stresses  (as discussed  in  section 7.4.4). However, 
the  deceleration  phases  were  observed  thereafter  when  pore  water  pressure  was 





particularly  given  that  clays  exhibit  strain‐hardening  behaviour  (as  discussed  in  section 
7.4.3). This suggests that the strength mobilized in reactivation is the residual strength and 
movements  generally  correspond  to  the  sliding  of  rigid  blocks  of material  along  a  pre‐





observed  in  the  PPR  tests  (Figure  7.19).  The  diagram  shows  three  stages  in  the 
development  of  landslide  displacement.  In  each  case,  three  illustrations  are  provided:  a 
graph of pore water pressure against  time; a graph of displacement against  time; and a 
graph  of  displacement  rate  against  time.  The  first  situation  has  shown  no  features  of 
increasing pore water pressure. Thus, displacement and displacement rate are zero (Figure 
7.19: A).  In Figure 7.19: B, pore water pressure  increases above the yield point (the point 






pressure  (ΔPWP)  decreases.  As  a  result,  displacement  is  still  being  observed  but  the 
displacement  rate  declines.  The  landslide  rate  responds  to  the  decrease  of  ΔPWP  even 
though pore water pressure  remains high. This simple model, which  is based on  the PPR 
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groundwater  level  has  been  examined.  This  section  seeks  to  further  explore  this 
relationship by deriving a model of reactivated landslide movement. This model  is divided 
into  two  styles,  namely:  1)  A  conventional  model  presented  by  an  average  hysteresis 
pattern of aggregating the 12 occurrences in which hysteresis was observed within periods 
of accelerated movements; and, 2) A model of hysteresis results of accelerated movement 
generated  by  gridding  all  observed  data  within  reactivation  periods,  showing  the 
probability of any given movement rate for any given ground water level observed. 
 
Firstly,  under  the  conventional  model,  the  average  displacement  rates  for  the  12 
accelerated movement periods (Figure 7.14) were calculated based on 0.1 m increments of 
groundwater  level    (between  4  and  6.5  m;  see  Table  7.7).  Equations  to  model  the 
relationship between groundwater and the average displacement rates were produced for 
periods  of  rising  groundwater,  and  also  falling  groundwater  levels.  Finally,  the  average 
displacement rates were reproduced using the resultant equations in order to produce the 





hysteresis  is  observed, with  exponential  best‐fit  trendlines  of  rising  and  lowering  limbs 
separated  with  a  clear  gap.  Conventionally,  assuming  a  simple  relationship  between 
groundwater and displacement,  the exponential  trends  in each of  the  three  regions  (i.e. 


















Max  Min  Mean  Max  Min  Mean 
4.00  0.15  0.14  0.14   ‐   ‐  ‐  
4.10  0.15  0.15  0.15  0.14  0.12  0.13 
4.20  0.24  0.09  0.16  0.19  0.09  0.12 
4.30  0.65  0.19  0.37  0.46  0.17  0.31 
4.40  0.87  0.22  0.48  0.47  0.18  0.32 
4.50  0.91  0.12  0.34  0.39  0.10  0.21 
4.60  0.79  0.11  0.37  0.68  0.04  0.28 
4.70  0.08  0.03  0.07  0.16  0.02  0.07 
4.80  0.06  0.02  0.04  ‐   ‐   ‐ 
4.90  0.20  0.05  0.11  0.20  0.01  0.10 
5.00  0.47  0.19  0.33  0.58  0.01  0.40 
5.10  1.06  0.13  0.54  0.89  0.12  0.39 
5.20  0.90  0.15  0.43  0.80  0.09  0.35 
5.30  2.03  0.69  1.44  0.87  0.06  0.38 
5.40  2.49  0.71  1.43  1.42  0.15  0.54 
5.50  1.04  0.45  0.73  1.34  0.51  0.87 
5.60  1.66  0.96  1.33  2.80  1.01  1.73 
5.70  2.35  1.64  1.98  3.86  1.65  2.80 
5.80  2.33  1.72  2.03  3.10  1.23  1.56 
5.90  3.41  3.41  3.41  2.24  1.30  1.72 
6.00  1.76  0.66  1.11  2.69  1.28  2.40 
6.10  2.72  2.72  2.72  3.24  1.56  2.36 
6.20  2.39  1.98  2.18  3.81  1.92  2.40 
6.30  5.06  3.15  3.96  4.59  2.38  3.55 









































































































Figure  7.20  Plots  of  average  displacement  rate  against  groundwater  level  with  their  exponential  trends 
showing the conventional hysteresis relationships between groundwater and displacement rates, separating 
the  rising  up  (Up)  and  dropping  (Down)  of  groundwater  into  three  regions:  a)  Max‐region  (Max.Up; 














To  illustrate  the  utility  of  this  plot,  the  diagram  shows  the  probability  of  any  given 
displacement rate for any given groundwater value. For example, at Point x1 (Figure 7.21), 
the  groundwater  level  of  approximately  5.7 m,  there  is  a  3  ‐  3.5%  probability  that  the 
displacement rate will be approximately 1 mm/hr. At Point x2, same groundwater level (5.5 
m),  there  is  a  3  ‐  3.5% probability  that  the displacement  rate will be  approximately  2.5 
mm/hr. However, following the x line, it is possible to find a higher rate of displacement (i.e. 
> 4 mm/hr) with a lower probability (≤ 2.5 % probability). It should be noted that at higher 
groundwater  levels,  the  range  of  possible  displacement  rates  is  larger.  Additionally, 























 Figure 7.21 Conventional model of  the  relationship between  average displacement  rate  and groundwater 
level presented in probability distribution. The 12 periods of accelerated movement (Periods 2, 4, 6, 8, 9, 10, 
11,  13, 14,  15,  17  and 19)  are  used  to  calculate  a  raster  hysteresis model  using  the  data metric  gridding 
method. The hysteresis model shows by colour rings from low to high probability (0 – 0.035). As can be seen, 
the landslide rates fall under a range of varied groundwater levels with a different range of probability. This 









landslide  morphology;  2)  associated  deformation  mechanisms  with  reference  to  the 
accelerated  movement;  3)  hysteresis  relationship  between  groundwater  and  landslide 
displacement rate; 4) a generalised model of reactivated  landslide movement. A synthesis 





























push and climb; b)  localised  sliding;  c) generalised  sliding. As a  result of  the  shearing and 
subsequent  rearrangement  of  the  material  particles,  the  samples  became  significantly 




1. Two  patterns  of  hysteresis  relationship  between  displacement  rate  and  groundwater 
have  been  observed  in  this  study  namely,  clockwise  (strain  hardening)  and  anti‐clockwise 
(strain  softening)  hysteresis  loops.  Most  of  the  accelerated  movement  periods  show  a 
‘clockwise’ pattern,  indicating that movement rate declines before groundwater  levels start 









in  the  field monitoring data. This  suggests  that  the pattern  could be  related  to material 
properties. The displacement rates accelerated  in response to the  increase of pore water 
pressure as void ratio increased significantly in relation to low effective stresses. However, 




plastic  or  ductile  deformation,  particularly  given  that  clays  exhibit  strain‐hardening 
behaviour. This suggests  that  the displacement mobilised  in  reactivation  is  the materials’ 















the 12 occurrences observed  in  the  field monitoring data,  indicating exponential best‐fit 
trendlines  of  rising  and  lowering  limbs.  The  hysteresis  pattern  does  not  represent  the 




2.  The  model  shows  the  probability  of  any  given  displacement  rate  for  any  given 
groundwater  value.  The  rasterised  model  presents  the  probability  distribution  of 
movement  under  any  given  groundwater  level, which  has  a  raster  format with  0.05 m 
resolution at ground water level and 0.05 mm/hr in displacement rate. This model suggests 





Chapter 8 Conclusion 
8.1 Key findings 
 
This thesis has studied landslide movement patterns and mechanisms on a reactivated 
coastal landslide complex influenced by groundwater fluctuations. More specifically and 
uniquely, the spatial and temporal patterns of landslide movement have been considered 
at both coarse and fine scales using a range of field-based techniques. While terrestrial 
laser scanning can be used to explain the landslide processes across the whole cliff face, 
the landslide deformation is observed using more intensive field monitoring. Further, the 
underlying mechanisms of landslide movements have been explored using a set of 
laboratory tests.  
 
The following summarises the key findings of the thesis: 
 
1. Patterns of post-failure behaviour 
The deformation behaviour of the reactivated landslide during the period of observation 
can be described as episodic, and can be divided into three types of movement, namely: 
‘accelerated movement’ or reactivation (0.2 mm/hr – 6.27 mm/hr); ‘slow movement’ (< 0.2 
mm/hr); and, negligible movements. The slow movement of the landslide can be referred to 
as the post-failure creep stage of landslide deformation. Slow movements only occurred 
during the initial stages of deformation, after which movements are either accelerated or 
ceased when deformation transits into periods of ‘no movement’. Conversely, accelerated 
movements are referred to as a stage of ‘reactivation’. This type of movement is 
characterised by increased displacement (from 13.39 to 309.67 mm) over a shorter period 
of time in response to increased groundwater fluctuations. Due to a rapid and continuous 
increase of the void ratio in relation to high groundwater levels and high fluctuations in 
groundwater change rate, the effective stress on the shear surface became particular low 
(Figure 7.11), leading to high rates of deformation of the landslide mass. These patterns of 
post-failure deformation are distinct from ‘faster motion’, ‘slower motion’ and ‘cyclic 
motion’ (Figure 2.10) that were observed by Massey et al. (2013) at the Utiku landslide, 
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New Zealand. However, both sets of observed patterns are typically controlled by 
hydrological triggers, with an increase of pore water pressure leading to landslide 
reactivation. 
 
2. Underlying mechanisms of reactiviation 
A reactivated landslide is often associated with an increase in pore water pressure and the 
mobilized shear strength is closely related to the residual strength. This study indicates that 
plasticity is a key control underlying the deformation mechanisms of reactivated landsliding. 
An asymptotic trend in plots of 1/displacement rate against time (∆-t space) (Petley et al., 
2002) shows that reactivations of the landslide occur with either ductile or plastic 
deformation (Figure 7.9). The development of plastic deformation was based on the 
analysis of the PPR tests, which indicates that the soil behaviour was affected by large void 
ratio increments under a non-linear pore water pressure increase (Ng, 2007; Ng and Petley, 
2009). 
 
3. Patterns of hysteresis between displacement rate and groundwater 
Two patterns of hysteresis relationship between displacement rate and groundwater were 
observed from the field monitoring data, namely, clockwise and anti-clockwise hysteresis 
loops. Most of the movement periods show a clockwise pattern of hysteresis, in which 
movement rate declines before groundwater levels start to decline. This pattern is also 
found elsewhere for clay materials (Van Asch et al., 2007; Massey et al., 2013).  
Conversely, the anti-clockwise pattern of hysteresis, in which movement rates 
remain high as groundwater levels decline is occasionally observed when reactivated 
landslides are undergoing deformation as a response to hydrological influences. Commonly, 
the anti-clockwise behaviour can be found in brittle materials or weak rocks, such as 
fragments of broken rock or bedrock, as can be seen in the examples in Table 7.6 (i.e. Bertini 
et al., 1986; Corominas et al., 2005; Gonzalez et al., 2008 and Matsuura et al., 2008). 
However, such behaviour can also be observed in glacial till, despite being primarily composed 
of clay.  This demonstrates that landslide displacement may reflect a progressive change in 
dominance from clockwise to anti-clockwise hysteresis, suggesting a change from a strain 
hardening to a strain softening process. Other than in-situ field monitoring, laboratory tests 
Chapter 8 Conclusion 
-224- 
 
were also carried out using non-linear increase in pore water pressure (0.5, 1 and 2 kPa/hr). 
The laboratory results only revealed the clockwise pattern of hysteresis, which suggests 
that this pattern could be related to material properties. The clockwise pattern is a result of 
plastic or ductile deformation, particularly given that clays exhibit strain-hardening 
behaviour.  
 
These results have important implications for understanding landslide movement patterns 
including the influences on landslide morphology, patterns of post failure, their mechanism 
and hysteresis relationship between displacement rate and groundwater. The results 
confirm that a combination of field monitoring and laboratory testing is a powerful 
approach to explore the controls on the nature and style of landslide movement. 
 
8.2 Limitations of research  
 
This research has sought to advance the understanding of landslide movement patterns 
and their mechanisms in shallow landslides. However, there exist certain research 
limitations in in-situ monitoring, data continuity and laboratory testing: 
 
1. In terms of in-situ monitoring, there was only one extensometer that provided a 
significant continuous displacement record throughout the monitoring period. Linking 
extensometer data directly with that from the laser scanning may prove fruitful in future 
work linking local-scale deformation to wider-scale processes across the slope. Moreover, 
dGPS monitoring may be advantageous in providing specific and definitive coordinates of 
the extensometer position, in combination with the monitoring displacement across the 
extensometer to allow absolute movement to be measured. 
 
2. Missing data was a problem during some monitoring periods due to two main problems, 
namely the movement range limits of the instruments and the weather conditions. During 
the initial phases of monitoring, the vibrating-wired extensometers provided excellent 
detection of small-scale magnitudes of movement (0.001 mm/record), but these sensors 
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only had a limited range (< 10 mm). This equipment was also not durable. Moreover, due 
to the design of the equipment, the maximum displacement that could be recorded was 5 
cm, before the wire-rod needed to be re-zeroed, and as such the instrument range was less 
than the movement recorded during some monitoring epochs or single movement events. 
This led to data loss either because the equipment was not fixed in place or some timing 
errors were incurred due to the need for resetting the instruments. Subsequently, the 
vibrating-wired extensometers were replaced by the string extensometers, which provided 
more consistent displacement data. However, such extensometers cannot detect small 
displacements (< 0.3 mm/record), which resulted in ‘noise’ being recorded as significant 
during periods of monitoring, obscuring capture of the smallest movements. Therefore, the 
choice of equipment and monitoring system appropriate to the rate and magnitude of 
movement are of significant importance in investigating landslide movement. Additionally, 
the field site was visited at monthly intervals to carry out data capture via scanning and to 
download in-situ instrumentation. However, weather conditions such as fog, heavy rain or 
strong winds were the main causes of data loss in some periods due to visibility. Thus, for a 
manual monitoring system, revisiting the site more often may minimising data loss.  
 
3. The displacement monitoring focused on the upper section of the cliff and described a 
landslide displacement pattern, which may not represent the whole landslide system. 
Similarly, laboratory results of both back pressure shear box (BPS) and pore pressure 
reinflation testing (PPR), which were undertaken on relatively small samples, and may not 
be representative of the entire field stress conditions. Moreover, due to time constraints, 
the laboratory testing program was limited, which resulted in a modest number of cases 
that can be referenced directly with field monitoring data.  All results showed that the soil 
exhibited strain-hardening behaviour and this was consistent with most field monitoring 
results. However, some periods of accelerated movement showed a transition from strain-
hardening to strain-softening behaviour. As such, the laboratory results may not reflect the 
potential variability of soil conditions, which may be significant in shaping the overall 
behaviour of the cliff. As a consequence, further testing should aim to explore ongoing 
deformation behaviours of soil, which change from strain-hardening to -softening 
behaviours. The test could be undertaken on pore water pressure cycles with a range of 
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pore water pressure change rates based on field monitoring data. Moreover, permeability 
tests could be undertaken in order to investigate further the effects of increasing pore 
water pressure. 
8.3 Recommendations for further research  
 
This research has provided an understanding of the mechanisms and processes operating in 
reactivated landslide complexes. Further research could be considered in order to advance 
the understanding of groundwater-induced landslide mechanisms. The PPR testing 
undertaken has been designed to replicate field conditions for groundwater-induced failure. 
The testing has successfully demonstrated the relationship between mean effective stress 
and time-dependent failure at a constant stress. It is clear that non-linear increases in pore 
water pressure as failure develops can be used to understand the behaviour of accelerated 
movement (reactivation). However, creep testing for slow movement does not replicate 
the cyclical patterns of increasing and decreasing pore water pressure within the landslide. 
As a consequence further testing through long periods of pore pressure reinflation on the 
back-pressured shear box samples would be beneficial to provide a more accurate 
simluation of these processes. Furthermore, as geochemistry and mineralogy directly 
influence geotechnical behaviour, these factors could be used to understand further 
aspects of soil composition reacting to an increasing groundwater. This would be beneficial 
for understanding the characteristics of soft soil sensitivity (i.e. glacial till) such as varying 
permeabilities due to changing liquid limit and void ratio. 
 
The combined method of in-situ field monitoring and laboratory testing has provided a 
detailed understanding of landslide movement mechanisms. Therefore, detailed 
instrumentation and long-term monitoring would allow the consideration of important 
parameters such as characteristics of post failures, critical pore water pressure thresholds 
and hysteresis relationship between displacement rate and groundwater. These influences 
may be useful for developing a model that may predict landslide occurrences and 
movements. Additionally, similar material at different sites could be tested using the same 
method in order to facilitate investigation of a variety of soil deformation behaviours. 
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This  appendix  includes  monitoring  results  for  the  21  movement  periods  observed.  The 
three graphs  in each movement period represent  landslide movements, groundwater and 
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Figure  A.4  Monitoring  results  at  the  Upgang  Landslide  (Period  4).  Accelerated  movement  between  29th 
October  and  14th November  2011  shows  about  176.57 mm  in  cumulative  displacement with  a maximum 
displacement rate of 1.91 mm/hr. Groundwater fluctuated between 4.31 and 4.73 m with a low groundwater 
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Figure  A.6  Monitoring  results  at  the  Upgang  Landslide  (Period  6).  Accelerated  movement  between  15th 
December 2011 and 09th  January 2012 shows about 149 mm  in cumulative displacement with a maximum 
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06th December 2012  shows  about 41 mm  in  cumulative displacement with  a maximum displacement  rate 
of4.75 mm/hr. Groundwater fluctuated between 5.2 and 5.38 m with a low groundwater rate of 0.02 m/hr. 
The total rainfall was 4.2 mm with a maximum rate of 1.4 mm/hr during a 12‐hour wet period. 
